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Accepted 2017 June 21. Received 2017 June 15; in original form 2016 May 26

ABSTRACT
In studies on intermediate- and high-resolution spectra of Type Ia supernovae (SNe Ia), some
objects exhibit narrow Na I D absorptions often blueshifted with respect to the rest wavelength
within the host galaxy. The absence of these in other SNe Ia may reflect that the explosions have
different progenitors: blueshifted Na I D features might be explained by the outflows of ‘single-
degenerate’ systems (binaries of a white dwarf with a non-degenerate companion). In this
work, we search for systematic differences among SNe Ia for which the Na I D characteristics
have been clearly established in previous studies. We perform an analysis of the chemical
abundances in the outer ejecta of 13 ‘spectroscopically normal’ SNe Ia (five of which show
blueshifted Na lines), modelling time series of photospheric spectra with a radiative-transfer
code. We find only moderate differences between ‘blueshifted-Na’, ‘redshifted-Na’ and ‘no-
Na’ SNe Ia, so that we can neither conclusively confirm a ‘one-scenario’ nor a ‘two-scenario’
theory for normal SNe Ia. Yet, some of the trends we see should be further studied using
larger observed samples: models for blueshifted-Na SNe tend to show higher photospheric
velocities than no-Na SNe, corresponding to a higher opacity of the envelope. Consistently,
blueshifted-Na SNe show hints of a somewhat larger iron-group content in the outer layers
with respect to the no-Na subsample (and also to the redshifted-Na subsample). This agrees
with earlier work where it was found that the light curves of no-Na SNe – often appearing in
elliptical galaxies – are narrower, that is, decline more rapidly.
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1 IN T RO D U C T I O N

Type Ia supernovae (SNe Ia) are one of the most well investi-
gated but still poorly understood phenomena in astrophysics. The

�E-mail: stephan.hachinger@lrz.de

observed ‘homogeneity’ of the light curves of ‘normal’ SNe Ia
(Hamuy et al. 1991; Branch, Fisher & Nugent 1993; Phillips 1993;
Goldhaber et al. 1998) enables cosmologists to use them as stan-
dardizable candles (cf. Phillips 1993; Phillips et al. 1999; Goldhaber
et al. 2001; Takanashi, Doi & Yasuda 2008). The resulting Hubble
diagrams have led to the remarkable conclusion that the expan-
sion of the Universe is accelerating (e.g. Riess et al. 1998, 2007;
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Schmidt et al. 1998; Perlmutter et al. 1999; Kessler et al. 2009;
Sullivan et al. 2011).

Empirically, there are techniques to ‘standardize’ or ‘calibrate’
SNe Ia for cosmological purposes (i.e. to predict their luminosity)
with relatively little scatter (e.g. Phillips et al. 1999; Guy et al. 2007;
Jha, Riess & Kirshner 2007; Takanashi et al. 2008; Wood-Vasey
et al. 2008). However, SN cosmology and other fields of astron-
omy, being brought to new levels of accuracy, would require pre-
cise knowledge of the SN Ia explosion mechanism (cf. e.g. Foley
et al. 2010), also predicting or excluding possible moderate drifts in
the mean SN Ia properties with look-back time, such as changes in
mean luminosity. Despite a great effort to understand SNe Ia, this
knowledge is still lacking – it has been the matter of a long and
ongoing debate (e.g. Hillebrandt & Niemeyer 2000; Greggio 2005;
Howell 2011; Maoz, Mannucci & Nelemans 2014) whether the
bulk of SNe Ia emerge from single-degenerate systems (where one
C/O white dwarf with an extended companion star explodes) or
from double-degenerate systems (where two white dwarfs merge,
collide or one is accreted on to the other). Furthermore, there are
open questions on how exactly the thermonuclear flame ignites and
propagates.

The models which have probably been most extensively tested
in order to explain SNe Ia (for a review, see e.g. Howell 2011) are
(i) the ‘single-degenerate-Chandrasekhar-mass’ model (presumably
a ‘delayed detonation’ of a C/O white dwarf before reaching its
mass limit, i.e. the Chandrasekhar mass MCh ∼ 1.4 M�), (ii) the
‘double-detonation’ sub-MCh model (a detonation of a less mas-
sive C/O white dwarf triggered by the detonation of an accreted
helium shell) and (iii) the ‘double-degenerate’ model (merger of
two C/O white dwarfs). Observations of SNe Ia in the UV, opti-
cal and IR have yielded constraints on the ejecta configuration and
helped to demonstrate that recent explosion models may well ex-
plain the observed objects (e.g. Baron et al. 2006; Kasen, Röpke
& Woosley 2009; Sim et al. 2010; Hachinger et al. 2013; Kromer
et al. 2013; Mazzali et al. 2014). However, only a few explosion
models could definitely be excluded as for explaining normal SNe
Ia [e.g. pure deflagrations within single-degenerate systems, which
match peculiar, 2002cx-like SNe Ia (e.g. Branch et al. 2004; Sahu
et al. 2008; Jordan et al. 2012; Kromer et al. 2013)]. Thus, a search
for further observational characteristics for verifying or falsifying
promising models has begun. A promising group of methods is fo-
cused on finding direct signatures of the progenitor systems (e.g.
Patat et al. 2007; Gilfanov & Bogdán 2010; Shen, Guillochon &
Foley 2013; Silverman et al. 2013; Kerzendorf et al. 2014 – for a
review, see Maoz et al. 2014).

One ‘smoking gun’ signature of the progenitor system could
be narrow, Doppler-shifted Na I D absorption components from
moving circumstellar material (CSM; see e.g. Patat et al. 2007;
Simon et al. 2009; Blondin et al. 2009; Sternberg et al. 2011; Fo-
ley et al. 2012b; Maguire et al. 2013; Phillips et al. 2013; Fer-
retti et al. 2016). Na I D absorption components blueshifted with
respect to the SN rest frame indicate an outflow towards the ob-
server – material which may have been ejected by the progeni-
tor system. This may be most easily accommodated in the single-
degenerate scenario (Patat et al. 2007, 2011; Booth, Mohamed &
Podsiadlowski 2016; see, however, Phillips et al. 2013; Raskin &
Kasen 2013; Shen et al. 2013; Soker 2014), with a recurrent-nova
progenitor system. In observed samples of SNe Ia, one sees red-
shifted as well as blueshifted Na I D absorption systems, and many
of these (e.g. Maeda et al. 2016) surely originate in the interstellar
medium (ISM). However, samples of SNe Ia usually show more
objects with blueshifted Na I D components than redshifted ones

(e.g. Sternberg et al. 2011; Foley et al. 2012b; Maguire et al. 2013)
– suggesting1 that some of the lines seen indeed have to do with the
SN progenitors.

In this work, we test this idea, searching for differences in the
mean physical properties of ‘blueshifted-Na’, ‘single-’ (not shifted,
cf. Section 2.2.2) and ‘redshifted-Na’ SNe, and SNe with no hints of
Na I D (‘no-Na’ SNe). We constrain ourselves to spectroscopically
normal objects, and consider five blueshifted-Na, four redshifted-
Na/single-Na and four no-Na SNe already classified (as for their
CSM/ISM Na I D properties) by Sternberg et al. (2011), Foley
et al. (2012b) and Maguire et al. (2013). The outer ejecta of
these objects are analysed (i.e. the debris of the explosion – not
the CSM/ISM) by modelling the spectral time series of the SNe
with a well-tested radiative-transfer code (Mazzali & Lucy 1993;
Lucy 1999; Mazzali 2000; Stehle et al. 2005). Afterwards, we com-
pare the mean ejecta properties we find among the different ‘Na
subsamples’, focusing on the abundance structure of the explo-
sion. In the abundances, we expect to possibly find differences
from one Na subsample to another, just as those found between
the single-degenerate delayed-detonation and double-degenerate
violent-merger explosion models of Röpke et al. (2012). For ex-
ample, the mass in iron-group elements in the outer layers of these
models (above 8000 km s−1 in velocity space) differs by 0.3 M�,
while the total mass contained in these layers is practically equal
(∼0.9 M�).

Below (Section 2), we first discuss our data selection in the
context of the idea of this work. We also give details on our methods
including the modelling technique. Afterwards, we show example
models in Section 3. In Section 4, the results for our entire sample
are analysed. Finally, we draw conclusions (Section 5).

2 DATA SE L E C T I O N A N D M O D E L L I N G

This section discusses the basis of our work. We first recap some
important studies on narrow Na I D lines in high-resolution SN Ia
spectra and illustrate what information high-resolution spectra pro-
vide in contrast to their low-resolution counterparts (Section 2.1).
Afterwards, we describe our data sample and its treatment (Sec-
tions 2.2 and 2.3). Finally, we lay out our method to model time
series of low-resolution spectra (Section 2.4).

2.1 High-resolution versus low-resolution spectra: narrow
Na I D versus broad ejecta features

Spectra of SNe Ia show strongly Doppler-broadened features pro-
duced by the fast-expanding ejecta (velocities in the order of
10 000 km s−1). These broad features can be analysed in low-
resolution spectra. Their profiles (and the temporal evolution
thereof) provide structural information about the SN material (com-
position, density, expansion velocities). On top of the ‘intrinsic’ SN
features, higher resolution spectra show narrow features (velocities
of a few hundred km s−1) due to the presence of CSM or ISM.
These features can provide information on the configuration of the
progenitor system and/or the host galaxy.

1 In addition, some of the objects exhibiting blueshifted Na I D absorption
show a time variability of the absorption lines, which has been interpreted
as evidence of the ionization conditions being modulated by the nearby SN
(Patat et al. 2007; Simon et al. 2009, but see e.g. Chugai 2008).
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In a pioneering work, Patat et al. (2007) analysed the CSM/ISM
Na I D lines2 of SN 2006X in a time series of high-resolution spectra.
They found that some CSM/ISM Na I D components are blueshifted
with respect to the rest frame of the SN, and that the strength of
these components changes with time, which they interpreted as
being caused by an ionization effect from the SN [for a theoretical
assessment of this, and possible caveats, see e.g. Chugai (2008) and
Booth et al. (2016)]. Estimating the properties of the CSM (extent,
hydrogen mass, etc.), they concluded that the material may have
originated from nova outbursts in a single-degenerate progenitor
system. The variable-Na I D phenomenon was later found to be
present in more SN Ia spectra (e.g. Blondin et al. 2009; Simon
et al. 2009; Stritzinger et al. 2010).

Na I D properties in larger samples of SNe Ia have also been
systematically analysed (Sternberg et al. 2011; Foley et al. 2012b;
Maguire et al. 2013; Phillips et al. 2013). These studies support
the hypothesis that the lines sometimes arise from CSM. Sternberg
et al. (2011) reported an excess of SNe Ia showing blueshifted
compared to redshifted Na I D features with respect to the SN
rest frame. This suggests that the material generating the features
shows a preference of moving from the SN towards the observer.
ISM clouds not related to the progenitor system would move ran-
domly. Using larger samples of SNe Ia, Foley et al. (2012b) and
Maguire et al. (2013) confirmed this result. These studies also in-
vestigated correlations between Na I D properties and SN prop-
erties (luminosity, expansion velocities, etc.) and found various
possible hints about the existence of two progenitor populations
(one of them preferentially producing blueshifted-Na SNe Ia).
Phillips et al. (2013) found that SNe with blueshifted Na I D
tend to deviate from the normal correlation between ISM Na I D
column densities and the dust extinction (reddening). They show
‘too strong’ Na I D lines for ‘too little’ extinction, suggesting that
the material is CSM with a composition different from average
ISM.

In this work, we perform a structural analysis of an SN
Ia sample for which the properties of their Na I D have pre-
viously been measured in moderate- and high-resolution spec-
tra. To this purpose, we model the ‘intrinsic’ SN features in
time series of spectra with a radiative-transfer code. This en-
ables us to quantify differences in the structure of the SNe Ia
linked to the presence or the absence of blueshifted Na I D ab-
sorption features. For our models reproducing the broad ‘in-
trinsic’ SN features and their time evolution, it is sufficient to
use low-resolution spectra (which have the advantage of well-
sampled time series being available for many objects). Fig. 1 il-
lustrates what information we extract from low-resolution spec-
tra (main panels) as opposed to what the studies on Na I D ex-
tract from high-resolution data (inserts). The figure shows three
example objects analysed in this work (LSQ 12fxd, SN 2012fw
and SN 2013aa), which show different Na I D behaviours. Over-
plotted on the low-resolution SN spectra, we show our mod-
els discussed below (Sections 2.4 and 3). With the models, we
aim at reproducing not only the data shown in the main pan-
els of Fig. 1, but also the entire spectral time series of each
SN around maximum light, inferring the ejecta characteristics
(Section 2.4).

2 The studies on Na I D mentioned here also analyse different (often weaker)
CSM/ISM features like Ca II H & K or K I λλ7665, 7699. In our study, we
concentrate on the Na I D information available for a relatively large number
of objects.

2.2 SN sample

2.2.1 Sample selection

As a basis for our study, we have considered SNe Ia for which
the presence of blue-/redshifted narrow Na I D components has
been measured using intermediate- or high-resolution spectra by
Sternberg et al. (2011), Foley et al. (2012b) and Maguire et al.
(2013). We selected 13 objects for our final modelling work (see
Table 1), demanding that the objects have an unambiguous classifi-
cation of the Na I D central wavelength shift, that a sufficient set of
flux-calibrated low-resolution photospheric spectra is available (i.e.
usually a minimum of four spectra, with at least two of them before
maximum light) and that they are considered ‘normal’ SNe Ia (e.g.
Branch et al. 1993; Filippenko 1997; Leibundgut 2000). There-
fore, we have, for example, excluded the SNe 1986G [strongly
reddened, subluminous with Ti II lines – Phillips et al. (1987);
Cristiani et al. (1992), Ashall et al. (2016b)], 2006X [strongly
reddened, high line velocities – Wang et al. (2008); Yamanaka
et al. (2009)], 2009ig [extremely high line velocities – Foley et al.
(2012a)] and LSQ12gdj [1991T-like – Scalzo et al. (2014), cf. also
Phillips et al. (1992); Jeffery et al. (1992)]. We have also refrained
from modelling PTF 11kx (Dilday et al. 2012), for which time-
variable Na I D lines as well as other signs of CSM interaction have
been found, but which shows a quite unusual spectrum almost with-
out S II λλ5454, 5640 after B maximum. We note that, although
we chose to concentrate on normal SNe Ia in this work, mod-
elling peculiar objects will be an interesting subject for forthcoming
studies.

2.2.2 Division of our sample into ‘Na subsamples’

We group our SNe Ia, following Sternberg et al. (2011), into four
classes (‘Na subsamples’, see also Table 1):

(i) ‘blueshifted-Na’ objects,
(ii) ‘redshifted-Na’ objects,
(iii) one ‘single-Na’ object,
(iv) and ‘no-Na’ objects.

In our terms, an ‘SN with blue-/redshifted Na’ is an object with
narrow Na I D absorption components blue-/redshifted with respect
to the host-galaxy Na I D wavelength, where these SNe usually
show their strongest narrow Na I D absorption component. ‘No-Na’
objects show no Na I D line at all, while the ‘single-Na’ object
shows only one strong component at the host-galaxy Na I D wave-
length.

Maguire et al. (2013) modified the classification scheme of
Sternberg et al. (2011), by (i) measuring the blue-/redshift of the
features with respect to an independently confirmed host-galaxy
rest wavelength (obtained from sources other than the strongest
Na I D component) and (ii) statistically grouping the SNe into
objects with blueshifted Na I D components (‘blueshifted-Na I D’
SNe – regardless of redshifted components in their work), objects
without blueshifted Na I D components (‘non-blueshifted-Na I D’
SNe) and objects without any Na I D (‘no-Na I D’ SNe). The SNe
with blue- or redshifted Na we model in our work have shown
no significant evidence for an Na I D component of the respective
other sort. We have selected objects which, apart from rare cases
(see remarks in Table 1), are part of the respective class regard-
less of the classification method (Sternberg et al. 2011; Maguire
et al. 2013).
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Figure 1. Typical spectra and models for SNe with blueshifted (LSQ 12fxd), redshifted (SN 2012fw) and absent (SN 2013aa) narrow Na I D lines. While e.g.
Sternberg et al. (2011), Foley et al. (2012b), Maguire et al. (2013) and Phillips et al. (2013) have analysed Na I D and other ISM/CSM features to establish the
ISM/CSM properties, we model low-resolution SN spectra with their strongly Doppler-broadened lines produced by the ejecta (main panels, black lines; model
spectra: light/coloured lines). In the insets, we show 15 Å wide regions of high-resolution spectra for the SNe. The data shown were analysed by Maguire et al.
(2013) to examine the presence and possible wavelength shifts of narrow Na I D features (cf. their figs 1, 2, 3). We have marked the expected SN-site rest-frame
wavelengths for Na I D1 and Na I D2 with grey dashes, the actual wavelengths of the minima with black marks.

2.3 Data handling

The photospheric spectra we use for the ejecta modelling have
mostly been obtained within larger campaigns, such as the CFA
SN follow-up (Blondin et al. 2012), the PESSTO3 survey (Smartt
et al. 2015), the Berkeley Supernova Ia Program (Silverman
et al. 2012) and the European SN Collaboration (EU RTN HPRN-
CT-2002-00303). Table 1 lists the precise sources for the spectra ob-
ject by object. Most of the data are publically available through the
WISeREP repository4 (Yaron & Gal-Yam 2012), and the PESSTO
spectra are available through the ESO archive (see PESSTO web
pages for details). The absolute calibration of the observed spectra
has then been checked against photometry [from light-curve sam-
ples of Hicken et al. (2009), Ganeshalingam et al. (2010), Stritzinger
et al. (2011), Brown et al. (2012) and the papers cited in Table 1]
using IRAF/SYNPHOT. In case deviations were found, the spectra af-
fected were multiplied by a suitable polynomial function f(λ) of
degree ≤ 2 (with only a mild variation of f(λ) with wavelength),
respectively, such that the resulting sample of spectra is consistently
flux calibrated.

3 http://www.pessto.org
4 http://www.weizmann.ac.il/astrophysics/wiserep/

While we apply no reddening correction (correction for dust
extinction) to the observed spectra, our spectral models are artifi-
cially reddened using a total extinction estimate (see Table 1). The
host-galaxy reddening is often subject to considerable uncertainty,
especially in cases where we could only estimate the reddening
from Na ID line depths [Turatto et al. (2003), see Phillips et al.
(2013); Poznanski et al. (2011) for caveats]. Resulting uncertainties
in our models are mitigated by the fact that we do not model highly
reddened SNe Ia.

2.4 Modelling method

In order to analyse the photospheric spectra of our SN sam-
ple and derive ejecta properties, we use the abundance recon-
struction method of Stehle et al. (2005). A modelling of neb-
ular spectra and bolometric light curves, which is part of their
‘Abundance Tomography’ approach, is not performed in this
work, as for a number of our objects the respective data are not
available.

For modelling the photospheric spectra, we use a well-tested
Monte Carlo radiative-transfer code (Lucy 1999; Mazzali 2000;
Stehle et al. 2005, for a short description see e.g. Mazzali
et al. 2014), which calculates a synthetic spectrum from a given
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Table 1. SNe grouped into the different subsamples. For each object we give �m15(B), total extinction [for our moderate-redshift SNe: sum of the galactic
and host-galaxy extinction values, E(B − V)tot. = E(B − V)MW + E(B − V)host] and SN redshift (z) values assumed in the modelling process, and sources of
the respective spectra.

Object �m15(B)a,b E(B − V )b,c
tot. Host typeb zb References spectra Remarks

Blueshifted Na (no redshifted Na)

SN 2002bo 1.2 0.38 Sa 0.004 Benetti et al. (2004) Already modelled by Stehle et al. (2005);
re-modelled according to the rules in Section 2.4.

SN 2002ha 1.2 0.23 Sab 0.014 Blondin et al. (2012) Calculated E(B − V)host of 0.14 from narrow
Na I D equivalent widthd using the lower limit
relation of Turatto, Benetti & Cappellaro (2003).

SN 2007le 1.0 0.22e Sc 0.007 Blondin et al. (2012)
SN 2008ec 1.1 0.21 Sa 0.016 Silverman et al. (2012)/Milne

et al. (2013)
Assumed E(B − V)host value calculated by
Milne et al. (2013) from the peak photometry.

LSQ 12fxdf 0.8g 0.08 Sc 0.031 Maguire et al. (2013)/PESSTO Inferred host extinction of 0.06 from Na I D
equivalent widthd (see SN 2002ha; here: lower
limit of various spectra).

Redshifted Na (no blueshifted Na)

SN 2001el 1.2 0.22 Scd 0.003 Wang et al. (2003); Mattila et al.
(2005); Krisciunas et al. (2003)

SN 2012fwh 0.8g 0.07 S0/a 0.019 Maguire et al. (2013)/PESSTO Inferred host extinction of 0.04 from Na I D
equivalent widthd (see SN 2002ha).

SN 2012hr 1.0g 0.05 Sbc 0.007 Maguire et al. (2013)/PESSTO Inferred host extinction of 0.01 from Na I D
equivalent widthd (see SN 2002ha).

Single (host-wavelength) Na

SN 2002cr 1.2 0.08 Scd 0.009 Blondin et al. (2012) Inferred host extinction of 0.06 from Na I D
equivalent widthd (see SN 2002ha).

No Na

SNF
20080514-002

1.4 0.03 S0 0.022 Blondin et al. (2012)/Brown
et al. (2012)

LSQ 12dbr 0.9g 0.06 Irr 0.020 Maguire et al. (2013)/PESSTO Assumed negligible host extinction because of
the absence of narrow Na I D.

SN 2012ht 1.4 0.03 Irr 0.004 Maguire et al.
(2013)/PESSTO/
Tomasella et al. (2014)i/

Yamanaka et al. (2014)

Host extinction negligible (Yamanaka
et al. 2014).

SN 2013aa 0.8g 0.15 Sc 0.004 Maguire et al.
(2013)/PESSTO/T. Bohlsenj

Assumed negligible host extinction because of
the absence of narrow Na I D.

Notes. aReddening-free B-band decline within 15 d directly after B maximum (Phillips et al. 1999).
bBasic data [�m15(B), E(B − V), host type, z] for the SNe have been taken from Maguire et al. (2013), Foley et al. (2012b), Sternberg et al. (2011) and the
cited papers for each SN, unless noted otherwise.
cTotal dust extinction – extinction within the host galaxy and the Milky Way can be added for low-redshift objects to obtain a total extinction E(B − V)tot..
dTo the purpose of applying the relation of Turatto et al. (2003), which approximates the extinction based on narrow Na I D features as seen in low-resolution
data, we measured the equivalent width of the narrow Na I D feature at the host-galaxy rest wavelength in our low-resolution spectra whenever the line was
measurable (including Na I D components which may be due to the SN progenitor – also this dust will redden the SN) and took the average. The uncertainty
in the reddening introduced here has no major impact on our results, as all objects affected are relatively weakly reddened.
eFrom Simon et al. (2009) – in their work, E(B − V)tot. = 0.27 with RV = 2.59. For consistence with the other SNe, we assume RV = 3.1 and a lower reddening
of E(B − V)tot. = 0.22, for which our reddening law best reproduces the AB and AV values of Simon et al. (2009, with the same error each).
fLSQ 12fxd, with respect to the strongest Na I D component, displays a blueshifted component as well as a redshifted component (slightly weaker and attached
to the strongest component). It may thus have been classified as ‘symmetric’ by Sternberg et al. (2011).
gCalculated from the stretch values of Maguire et al. (2013), using equation 5 of Conley et al. (2008).
hSN 2012fw displays only one strong Na I D line extended somewhat more to the red. Sternberg et al. (2011) may thus have classified it as ‘symmetric’.
iThe spectrum used is the classification spectrum reported by Ochner et al. (2012).
jAmateur spectrum of 2013 Feb. 16 downloaded (at 2014 Jun. 03) from http://users.northnet.com.au/bohlsen/Nova/sn_2013aa.htm.

bolometric luminosity Lbol, time from explosion t, photosphere
position/velocity5 vph, density profile ρ(v) and abundance strati-

5 Owing to the homologous expansion of the ejecta setting in seconds to
minutes after the explosion of an SN Ia (e.g. Röpke 2005), v and r can be
used interchangeably at any given point of time t (r = v × t).

fication X(v) (where X is the tuple of mass fractions of all relevant
elements).

To keep the parameter space for the models small enough to be
thoroughly explored, t and ρ(v) follow a fixed parametrization. The
luminosity Lbol, some of the abundances X(v) and the photospheric
velocity vph are used as fitting parameters, which we optimize to
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Figure 2. The N100 density profile (Seitenzahl et al. 2013) used as input
data for our radiative-transfer calculations (dark blue, solid line). For com-
parison, we show the density of a white dwarf merger [0.9 M� and 1.1 M�
C/O white dwarfs, Pakmor et al. (2012) and Röpke et al. (2012) – light green,
dash–dotted line]. We furthermore show models of Nomoto et al. (1984) and
Iwamoto et al. (1999), W7 (1D fast deflagration – grey, broad/micro-dashed
line) and WDD1 (1D delayed detonation – black, dashed line), which have
been used in many previous spectral modelling studies.

match the observed spectra. In this fitting process, we infer a best-
fitting abundance stratification, from which we can assess differ-
ences between the observed SNe in terms of the chemical structure.

Before proceeding with the presentation of the models, we shortly
discuss how we set the ‘fixed’ code input parameters, and how we
adjust the ‘free’ input parameters when fitting an actual spectral
sequence.

2.4.1 Fixed parameters

We use the spherically averaged density from the relatively
recently published N100 three-dimensional delayed-detonation
model (Fig. 2) of Seitenzahl et al. (2013) as a fixed input density
profile ρ(v) reasonably representing SNe Ia. As Seitenzahl et al.
(2013) mention, out of their suite of explosion models, this model
best matches the 56Ni production of typical SNe Ia (∼0.6 M�;
Stritzinger et al. 2006). Uncertainties in state-of-the-art explosion
simulations (such as the unknown number and geometry of ignition
points in Chandrasekhar-mass models), and the open question of
the ‘typical’ explosion scenario(s), clearly translate to some degree
of uncertainty in our models. In order to give the reader a feeling for
these uncertainties, we compare (Fig. 2) the N100 density profile to
that of the ‘classical’ W7 and WDD1 single-degenerate explosion
models (Nomoto, Thielemann & Yokoi 1984; Iwamoto et al. 1999),
and to the density profile of a spherically averaged white dwarf
merger [0.9 M� and 1.1 M� C/O white dwarfs, Pakmor et al.
(2012) and Röpke et al. (2012)]. It is clear that the differences be-
tween the density profiles are significant, but not extreme in the
region where photospheric spectra around maximum light form
(∼5000–25 000 km s−1). The mass above 8000 km s−1, the veloc-
ity down to which we analyse the ejecta (see Section 3.1 below),
is almost equal in both models. Thus, we do not expect our results
to depend much on the density profile used. We demonstrate this
with an explicit test – a repetition of our modelling with the merger
density profile from Röpke et al. (2012) – in the appendix.

Having set the density profile in velocity space, the second input
parameter to be fixed is the time from explosion onset to the epoch
of a certain observed spectrum (where the latter is normally given

with respect to B-band maximum by the observers). The time from
explosion is calculated as

t = tobs. + tr,

where tobs. is the observationally determined time offset from B-
band maximum, and tr is the B-band rise time which we calculate
approximately as

tr = 18.9 d − 2.0 d ×
(

�m15(B)

mag
− 1.17

)
.

We have chosen this formula as a linear approximation to the rise
time in �m15(B) (the B-band light-curve decline during the first 15 d
directly after B maximum; Phillips 1993), assuming that SNe Ia with
a faster decline also rise faster because of a smaller opacity. The
parameters in the formula are tuned to obtain a rise time of 18.9 d
for SN 2002bo with �m15(B) = 1.17 (i.e. to reproduce the values of
Benetti et al. 2004) and to obtain a rise-time range of ±1 d for our
SN sample (as given in Table 1). This roughly corresponds to the
spread found in light-curve samples of normal SNe Ia (e.g. Conley
et al. 2006; Strovink 2007; Ganeshalingam, Li & Filippenko 2011;
Firth et al. 2015).

2.4.2 Fitting parameters and fitting procedure

Using the approach of Stehle et al. (2005), the radial abundance
stratification is reconstructed from the outside inwards. We begin
to optimize the abundances starting from typical ‘default’ values
similar to those inferred for SN 2002bo (Stehle et al. 2005). For a
more detailed description of the procedure, we refer to their original
paper, but here we give at least a basic explanation.

To begin with, the earliest spectrum available for a respective
SN is fit optimizing the abundances in two separate zones (cf.
Hachinger et al. 2013).6 One zone lies between the very outside of
the simulated atmosphere (where negligible densities are reached,
v∼40 000 km s−1) and 20 000 km s−1 – in this zone, we assume a
very weakly burned composition, with Fe-group elements only at
the solar-metallicity level remaining from the progenitor (the exact
metallicity level is irrelevant here, as we do not model the UV).
The second zone in which we optimize the abundances is between
20 000 km s−1 and the photospheric velocity vph at the epoch of
the first available spectrum. This photospheric velocity, let us call it
‘v1’, is determined such that the overall opacity of the atmosphere
is reasonable, line velocities are matched and the overall colour of
the observed spectrum can be reproduced. The luminosity Lbol is
determined such that the overall flux level in the observed spectrum
is matched by the synthetic spectrum. This quantity, together with
the photospheric velocity vph and the iron-group abundances largely
determines the temperature structure within the model atmosphere.
Thus, when any of these three parameters is changed, usually the
abundance structure has to be somewhat re-adjusted so as to keep
an optimum fit.

After matching the first spectrum, the fitting process is continued
by finding abundances, Lbol and vph for the second spectrum. The
new photospheric velocity, v2, will be lower, corresponding to the
recession of the photosphere into the intermediate ejecta with time.
The abundances are then only fit between v1 and v2, while the

6 In Hachinger et al. (2013), three separate zones were used as sufficient
early-time data were available to avoid parameter degeneracies in the fitting
process.
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Table 2. Prototypical abundance zones for our spectral models with their respective adjustable (i.e. fitted within the given limits) and fixed abundances. The
fixed abundances in zones I–VII (given to one significant digit for simplicity) are derived from the spatially averaged nucleosynthesis of the N100 model
(Seitenzahl et al. 2013) in different radial layers. Models other than N100 (e.g. Iwamoto et al. 1999; Gamezo, Khokhlov & Oran 2005) have somewhat different
chemical yields; however, qualitatively, the composition patterns remain similar. In each zone of our models, the abundances are chosen such that the spectra
are optimally fit, under the constraint (also see the text) that the abundance pattern must match one of the zone patterns I–VII. Elements not mentioned are not
unambiguously seen in the spectrum and are assumed not to be present (zero abundance). ‘Solar’ abundances have been taken from Asplund et al. (2009).

Zone I II III IV V VI VII

Corresponding v range <6000 6000– 12000– 13500– 15000– 17000– > 20000
in N100 (km s−1) 12000 13500 15000 17000 20000

Fitted abundances; respective constraints for adjustment (if one abundance value is given: abundance fixed in respective zone)

X(C) (mass fraction,
per cent)

0.0a 0.0a 0.0a 0.0a ≤0.3 ≤3.0 12.0

X(Si) (mass fraction,
per cent)

adjusted such that∑
i X(i) = 100 per cent

30.0–40.0 40.0 40.0 ≤30.0 5.0 or 1.0b

X(Ca)c (mass fraction,
per cent)

0.0a ≤5.0 ≤5.0 ≤5.0 ≤5.0 ≤5.0 ≤1.0

X(Fe0)d (mass fraction,
per cent)

3.0 10.0 7.0 1.0–5.0 0.1–1.0 Solar Solar

X(56Ni0)d (mass fraction,
per cent)

70.0 30.0–60.0 5.0–30.0 =X(Fe0) =X(Fe0)/2 ≤X(Fe0)/10 0.0

Fixed abundances

X(O) (mass fraction,
per cent)

0.0a 0.0a adjusted such that
∑

i X(i) = 100 per cent

X(Mg) (mass fraction,
per cent)

0.0a 0.0a 0.0a 1.0 4.0 9.0 =X(Si)

X(S) (mass fraction,
per cent)

=X(Si)/2 =X(Si)/2 =X(Si)/3 =X(Si)/3 =X(Si)/4 =X(Si)/4 =X(Si)/5

X(Ti) (mass fraction,
per cent)

0.001 0.002 0.003 0.007 0.005 0.001 Solar

X(V) (mass fraction,
per cent)

0.0300 0.0400 0.0200 0.0020 0.0001 Solar Solar

X(Cr) (mass fraction,
per cent)

0.70 0.70 0.20 0.10 0.02 Solar Solar

Notes. aSet to 0.0 because abundance in this zone is too small to have an influence on synthetic spectra and integrated abundances.
b5.0 per cent when the early Si line of the SN extends to high velocities (blueshifts) indicating the presence of burning products at high velocity; 1.0 per cent
otherwise.
cCa abundances are chosen larger than in the N100 model (cf. Seitenzahl et al. 2013), as otherwise the Ca lines in the spectra could not be well fitted. This
problem may arise from uncertainties in the Ca atomic data for radiative transfer as well as in the exact nucleosynthesis; Ca abundances are not of major
relevance for our further analysis in any case.
dThe abundances of Fe, Co and Ni in our models are assumed to be the sum of 56Ni and its decay chain products (56Co and 56Fe) on the one hand, and directly
synthesized/progenitor Fe on the other hand (other contributions are can be neglected for spectral synthesis). Thus, they are conveniently given in terms of the
56Ni mass fraction at t = 0 [X(56Ni)0], the Fe abundance at t = 0 [X(Fe)0] and the time from explosion onset t.

values in the layers above v1 are taken as given and remain fixed.7

This process is continued with later and later spectra (to determine
the abundances between v2 and v3, and so on); we stop when we
have modelled a spectrum 5–10 d after maximum. At this point,
the photosphere has usually receded into zones rich in 56Ni, and
the assumption that all radiation is generated below an assumed
photosphere (which is implied by our modelling approach) becomes
much less accurate.

As we model a large number of objects in the present study, we
speed up the fitting process narrowing down the parameter space by

7 An exception to this can be abundances which at an early epoch are not well
determined because of degeneracies (e.g. when two elements contribute to
the same feature in the spectrum) or which only have moderate influences on
the early-epoch fit. When the abundances chosen then prove incompatible
with a later spectrum (effectively lifting the degeneracy), they are revised
such as to fit all spectra in the time series equally well.

only allowing abundance combinations ‘typical’ for certain ‘burning
zones’ in the hydrodynamics/nucleosynthesis model N100 (Seiten-
zahl et al. 2013). We note that 3D delayed-detonation explosion
models like N100 do not exhibit the strictly layered nucleosyn-
thesis structure found in 1D simulations (Thielemann, Nomoto &
Yokoi 1986). Instead, material burnt in the initial deflagration rises
convectively; the strength of the deflagration and thus the ‘mix-
ing’ will depend on the somewhat uncertain ignition conditions.
Finally, the deflagration turns into a detonation and practically the
entire pre-expanded star undergoes nuclear reprocessing (Seiten-
zahl et al. 2013). Despite all uncertainties, in Table 2 we give a
very approximate division of the ejecta of N100 into different zones
with typical abundance patterns. Each abundance-fitting zone in our
models (corresponding to a spectrum) is assigned the best-matching
such zone, for which some abundances are considered fixed, and
the others adjustable within limits (Table 2). In the deepest layers of
N100 (v < 6000 km s−1), material burnt to nuclear statistical equi-
librium (NSE) dominates – mostly 56Ni [more neutron-rich material
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such as 54Fe is also produced, but partly ejected at higher velocities
(Seitenzahl et al. 2013)]. Above this ejecta core, a zone with a very
‘mixed’ composition is found; Fe-group elements are still domi-
nant in the inner part of this zone, but intermediate-mass elements
(IME, such as Si and S, 8 < Z ≤ 20) dominate at its outer edge
(v ∼ 12 000 km s−1). Going still further outwards, zones dominated
by IME follow, and above 17 000 km s−1, finally O dominates as a
burning product. The outermost envelope above ∼20 000 km s−1 is
very weakly burned – a feature directly implemented in our models.

3 MO D E L S

Having laid out the modelling method, we discuss our model for
SN 2007le (see Table 1; Figs 3 and 4) as an example. This object is
a representative ‘normal’ SN Ia (�m15(B) = 1.0; no spectroscopic
peculiarities), for which a series of (low-resolution) spectra with
decent time coverage for the abundance analysis is available. High-
resolution spectra of the object have revealed a blueshifted Na I D
component (Sternberg et al. 2011). We first present the spectral fits
and then discuss the abundance structure of the optimum-fit model.

Our model spectra and abundance structure plots for all other SNe
from Table 1 can be downloaded as supplementary online material
(part A) to this paper on the MNRAS website. Basic information on
the models (luminosities, photospheric velocities, etc.) is included.

3.1 Fits to the spectral sequence

The spectral sequence for SN 2007le which we have modelled
(Fig. 3) comprises six spectra from −10.4 d to +9.6 d (relative to
B maximum). This constitutes a fairly typical case with respect to
epoch coverage, although there is a large gap (between −6.5 d and
+5.5 d) around B maximum. To reach a sufficient accuracy in the
reconstruction of the abundance profile of SN 2007le, we fit three
spectra at comparatively late epochs, which mitigate – at least to
a sufficient degree – the uncertainties in abundance reconstruction
caused by the gap.

Fig. 3 shows the time sequence of models and observed spectra;
in the top panel, we have given line identifications for a typical
pre-maximum spectrum as we use it in our study. These line identi-
fications are (to good approximation) valid for all our models; only
some 10 d after B maximum, the main contributions to the features
change, which reflects in changes in the spectral shape (see also e.g.
Stehle et al. 2005).

At the earliest two epochs, the model fits are very good, except
for typical problems reproducing the extreme blue wings of the
strongest lines (Ca H&K, Si II λ6355). These absorption wings, so-
called high-velocity features (e.g. Mazzali et al. 2005; Childress
et al. 2014), are supposedly caused by an enhanced electron density
in the outermost ejecta, the cause of which may be a density bump
or mixing of the ejecta with H-rich material lost by the progenitor
system (cf. Tanaka et al. 2008). In any case, this material has a small
net mass (such that it does not contribute significantly to integrated
abundances) and – apart from the formation of the high-velocity
components – also a small influence on the spectrum. We thus
merely ignore it in our study here.

The fits to the pre-maximum spectra allow for a robust abundance
diagnosis of the IME-dominated outer ejecta (cf. line identifications
in Fig. 3). The features dominated by Ca, Mg, S, Si and Fe lines
are fit well overall. Some deficit of flux around ∼4000 Å may be
attributed to a weak re-emission part of the Ca II H&K P-Cygni
profile in the model (corresponding to the missing high-velocity
absorption). The mixed Fe II/Fe III/Mg II absorption trough around

4300 Å is somewhat too shallow, probably owing to the low Mg
mass fractions we use following the explosion models (Table 2).
These problems are not expected to significantly affect our analysis
in Section 4, where we consider only major abundances (Fe-group,
Si, O).

Our analysis is expected to be sufficiently reliable down to a
velocity of ∼8000 km s−1, where the abundances of iron-group
elements increase in most SNe. Such a photospheric velocity is
expected shortly after B maximum. In mass space, the region anal-
ysed corresponds to 0.9 M� of material (assuming the N100 den-
sity profile). The remaining core can only be well analysed using
nebular spectra (e.g. Kozma et al. 2005; Mazzali et al. 2007). Cor-
respondingly, after maximum light (Fig. 3, lowermost three panels)
the fit quality degrades somewhat. Some lines are too deep in the
models (especially S II λ5640 – here, part of the mismatch may be
due to relatively large S abundances assumed following N100, see
Table 2), and beyond ∼6500 Å, the model spectra show some flux
excess. The latter is expected when assuming all energy generation
to happen below a sharp photosphere and the photosphere to emit
a blackbody (cf. Stehle et al. 2005; Hachinger et al. 2013). Spectra
later than a few days after B maximum are therefore mainly use-
ful as a rough consistency check, showing whether the best-fitting
composition found for the outermost layers is compatible with all
data available.

3.2 Abundances

The abundances we find for SN 2007le down to 8000 km s−1 are
shown in Fig. 4, together with the chemical structure obtained in the
N100 simulation (Seitenzahl et al. 2013), which can be considered
as a normally luminous ‘standard’ SN Ia model.

It is evident that SN 2007le does not show an 56Ni distribution
extending as much out as in N100; this seems to be replaced by IME.
Therefore, the total mass of 56Ni in our model – even if assuming an
56Ni-dominated core – is �0.4 M�, corresponding to a subluminous
explosion with a bolometric luminosity of log( L

L� ) � 9.3 (equation

1 of Stritzinger et al. 2006). This is plausible, given that our models
some days before/after maximum light (Fig. 3) have a luminosity
of log( L

L� ) ∼ 9.2 (with the spectral flux scale matching the data

available), and that typical SNe Ia show a luminosity variation of
about 0.1 dex in this period (e.g. Pastorello et al. 2007).

The reason why SN 2007le has shown a slow light-curve decline
[�m15(B) = 1.0, Table 1] for such a low-luminosity object is not
exactly clear. We speculate, however, that the relatively flat abun-
dance gradients in the SN (implying that IME and NSE elements
are found up to the very outer layers) may favour photon trapping
inside the envelope and thus slow down the evolution of the light
curve (cf. Mazzali & Podsiadlowski 2006).

4 A NA LY SI S AND DI SCUSSI ON

In this section, we quantitatively compare models for SNe with
blueshifted Na I D lines to models for other SNe. First, we evaluate
photospheric velocities in the models (Section 4.1), which give hints
about the overall opacity of the envelope (which, in turn, correlates
with the composition). Afterwards, we show the integrated chemical
yields of major species (Fe-group, Si, O) in the layers modelled
(Sections 4.2 and 4.3). We conclude with a discussion of our findings
in the context of the SN Ia progenitor problem (Section 4.4).

When evaluating model properties, we group our only single-
Na object, SN 2002cr, with the redshifted-Na objects: both
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Figure 3. Model sequence for SN 2007le (blue lines). The observed (low-resolution) spectra (black lines) are plotted for comparison; line identifications are
given for the most prominent features in the earliest spectrum. Observations and models are shown de-redshifted (i.e. in the SN’s rest frame); no correction for
reddening has, however, been applied to the observed spectra [the models have thus been reddened by E(B − V)total = 0.22 mag, applying a CCM extinction
law with RV = 3.1 (Cardelli, Clayton & Mathis 1989)].
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Figure 4. Abundance structure of N100 nucleosynthesis calculations (Seitenzahl et al. 2013, top panel, plotted in mass space), compared to our tomography
of SN 2007le based on the N100 density profile (middle panel: in mass space; lower panel: in velocity space). The Ni/Co/Fe abundances are given in terms of
the mass fractions of 56Ni and stable Fe at t = 0 [X(56Ni0), X(Fe0)]; in our spectral models, no stable Ni or Co and no radioactive Fe are assumed to be present
(as explosion models produce only amounts insignificant for photospheric spectra).
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Figure 5. Evolution of photospheric velocities of our spectral models
with the time passed since explosion onset. The curve style (solid/blue;
dashed/red; dots/green) corresponds to the narrow Na line behaviour; dif-
ferent point types are used for every object.

redshifted-Na and single-Na objects lack Na components from CSM
(and show ISM lines at the same time), which means that they should
come from similar progenitor systems.

4.1 Envelope opacity – evolution of vph with time

First, we search for evidence for a different opacity of the envelope,
which may correspond to differences in the composition (or also the
density structure), by looking at the time evolution of photospheric
velocity vph in our models (Fig. 5). For larger opacity, normally
corresponding to a larger content of burned material (in particular
of Fe-group elements; cf. Sauer, Hoffmann & Pauldrach 2006), the
photosphere (in the sense of the layer where – on average over all
wavelengths – an optical depth of one is reached) is expected to be
further out in the envelope. Hints of a larger vph among blueshifted-
Na SNe may have indeed been found by measuring Si II λ6355
Doppler velocities (blueshifts) as a proxy for vph (Foley et al. 2012b,
but see Maguire et al. 2013).

The photospheric velocities in our models are highest among
the blueshifted-Na SNe, and lowest among the no-Na SNe (with
a noteworthy mean difference of 1000–2000 km s−1), indicat-
ing that blueshifted-Na SNe contain more opaque material in the
outer layers. The redshifted-Na subsample comes to lie in between
blueshifted-Na and no-Na objects, and thus shows no significant
difference to the blueshifted-Na subsample or the no-Na subsam-
ple: we consider the photospheric velocities we find for each SN in
this work to carry an error of ±1000 km s−1, induced by uncertain-
ties in the data (such as uncertain distances and reddening values)
and the modelling approach.8

Benetti et al. (2005) furthermore found that SNe Ia can obser-
vationally be grouped according to the time evolution of their Si II

λ6355 Doppler velocities (which approximate the photospheric ve-
locity). Tanaka et al. (2008) modelled high-velocity gradient (HVG,
meaning a fast time evolution – Benetti et al. 2005) and low-velocity
gradient SNe and found that HVG objects have larger absolute pho-

8 We estimate the uncertainty in the fitting process to be some hundreds of
km s−1 (±). However, the majority of the SNe modelled here have not been
studied in much detail. Thus, some data suffer from less well-known distance
and reddening, or from wavelength-dependent errors in flux calibration. This
translates into an additional uncertainty to our final model parameters.

Figure 6. Mass of Fe-group elements above 8000 km s−1 in our spectral
models, which are grouped according to the narrow Na line behaviour of
the corresponding SN (left three columns). The error bars (see also text)
correspond to the error introduced by (mainly statistical) uncertainties in
the photospheric velocity (and thus the abundance zone borders) which we
estimate to be ±1000 km s−1. For comparison, we plot the corresponding
masses within the hydrodynamical explosion models of Röpke et al. (2012)
(right-hand column).

tospheric velocities in addition to their large velocity gradient, cor-
responding probably to higher Fe-group mass fractions in the outer
layers. The curves in Fig. 5 show absolute velocity differences,
but no apparent systematic difference in the gradients between the
Na subsamples. In order to understand this in detail, however, one
would need all our objects to have a better-sampled spectral time
series (and thus model series) from early on to well past maximum
(cf. e.g. the data of Benetti et al. 2005).

4.2 Mass of Fe-group material in the outer ejecta

As a second model property to investigate, we consider the in-
tegrated Fe-group abundance. Our modelling approach allows us
to determine the Fe-group content in the outer layers (above
8000 km s−1) from the strength of Fe lines (which have contri-
butions from directly synthesized Fe and from decayed 56Ni) and
from the near-UV flux level of the SN (where all Fe-group ele-
ments, including the minor species, block the flux). We emphasize
that there is some degeneracy between the effects of Fe, 56Ni and
Ti/V/Cr on the spectra as long as neither UV spectra nor very early
spectra (where 56Ni/56Co have not decayed yet) and light curves are
analysed (cf. Hachinger et al. 2013). As laid out in Section 2.4, we
have avoided ambiguities in this respect by using Fe-group abun-
dance mixtures typical for certain burning zones of an SN Ia.

We plot (Fig. 6, left three columns) the mass of Fe-group ele-
ments (Z > 20) in our spectral models integrated from 8000 km s−1

(down to which all our models have abundance information) out-
wards. The photospheric velocities in our models, giving the abun-
dance zoning of the envelope (cf. Section 2.4.2) carry an uncertainty
of ±1000 km s−1 (cf. Section 4.1). This is a dominant source of error
in the derived integrated abundances which depend quite strongly
on the zone borders. We have thus chosen to add error bars in Fig. 6
which are generated by determining the abundances with all abun-
dance zone borders moved outwards/inwards (simultaneously) by
1000 km s−1. For comparison, Fig. 6 (right-hand column) shows the
Fe-group abundances within the ab initio explosion/nucleosynthesis
models of Röpke et al. (2012) on the right-hand side.
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The Fe-group masses in the outer ejecta of blueshifted-Na SNe
are a bit higher on average than those of other SNe. The mean values
(with equal weight for each object) for the three Na subsamples and
their error estimates (obtained by quadratic propagation) are

M(Fe − group)blue = 0.24 ± 0.04 M�,

M(Fe − group)red/symm = 0.15 ± 0.04 M� and

M(Fe − group)no−Na = 0.15 ± 0.06 M�.

As one recognizes easily, the variation between the subsamples
is practically within the error bars and thus hardly significant in
a statistical sense. However, we remark that the differences we
see between blueshifted-Na SNe and the other subsamples (both
with lower Fe-group abundances) are in line with the larger opacity
we suspected blueshifted-Na SNe to have after the vph analysis
(Section 4.1).

Compared to the 56Ni mass differences among explosion mod-
els, the variations we find are somewhat smaller. We note that the
low value of Fe-group elements in the analysed layers of no-Na
SNe may simply reflect a lower-than-average 56Ni production in
these SNe (rather than only a difference in the distribution, as ex-
pected between equally luminous double-degenerate and single-
degenerate explosions). The lower value for the no-Na subsample
would then be in line with the typically lower luminosities in the
explosion sites of these objects, which are mainly early-type galax-
ies (Hamuy et al. 2000; Gallagher et al. 2008; Maguire et al. 2013;
Ashall et al. 2016a; Henne et al. 2017). For redshifted-Na SNe, a
more likely explanation would be ‘real’ differences in the explo-
sion properties (as luminosities are relatively similar among our
redshifted-Na and blueshifted-Na objects). More objects should be
investigated in the future in order to obtain statistically significant
evidence.

4.3 Mass of oxygen and silicon

As a final quantitative criterion, we examine the O and Si contents of
the outer/intermediate layers of our models, down to 8000 km s−1.
In Fig. 7, we have plotted the yields of our different models, and of
the explosion/nucleosynthesis models of Röpke et al. (2012).

We see that no-Na and redshifted-Na objects make up their deficit
in shallow Fe-group material (Section 4.2) by having somewhat
more O (Fig. 7, upper panel) and a little bit more Si (Fig. 7, lower
panel; see also Mazzali et al. 2007). The difference in O mass
between violent-merger and delayed-detonation explosion models
is roughly in line with the observed differences (higher mean O
mass in redshifted-Na and no-Na SNe). In Si mass, the explosion
models only show an insignificant difference to one another (with
absolute values somewhat lower than the observations).

Owing to the relatively large scatter, the differences between the
groups with respect to O9 and Si are less clear than those we are able
to see in the Fe-group statistics or in the photospheric velocities.

9 It does not come as a big surprise that a particularly large scatter is present
among our O abundances: apart from the uncertainties discussed in the
sections above, the O mass of an optimized spectral model is a less-precisely
determined quantity owing to weak effect of oxygen on the spectrum – O I

λ7773, the only O feature, is often contaminated by other elements’ lines
(mainly Mg, Si).

Figure 7. Mass of O (upper panel) and Si (lower panel) above 8000 km s−1

in our models, which are grouped according to the narrow Na I D line be-
haviour of the corresponding SN (left three columns, respectively). The
error bars correspond to the error in vph (±1000 km s−1, as in Fig. 6). For
comparison, we plot the corresponding masses within the hydrodynami-
cal explosion/nucleosynthesis models of Röpke et al. (2012) (right column
within each panel). The variations in Si mass are actually relatively small
(fine mass scale in lower panel) both among our SNe and the hydro models.
The merger model ‘compensates’ for its smaller Fe-group mass in the outer
layers (Fig. 6) by having a larger O abundance and a significant amount of
unburned C (∼0.1 M�, not plotted).

Thus, we will mainly focus on interpreting the latter differences in
the following.

4.4 Implications on SN Ia progenitors

We have found small differences between SNe displaying
blueshifted-Na and other SNe; these differences exceed the typ-
ical error margins we have calculated by little or remain within
them. In photospheric velocities, there is a difference of about
1000–2000 km s−1 between blueshifted-Na SNe and no-Na SNe
(at any epoch), with redshifted-Na SNe lying in between. The
lower photospheric velocities in no-Na (and redshifted-Na) SNe
point towards a lower envelope opacity and probably a less efficient
nucleosynthesis. Accordingly, blueshifted-Na SNe show a higher
Fe-group content in the outer layers with respect to both the other
subsamples.

We will now try and interpret these findings in the context of SN
Ia progenitors.
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4.4.1 Theoretical expectations: differences between double- and
single-degenerate explosions

Single- and double-degenerate explosions are expected to show sig-
nificant differences not only in the spatial density distribution (with
possible asymmetries in double degenerates; Pakmor et al. 2010),
but also in the abundance structure (cf. Röpke et al. 2012). The (vio-
lent) white dwarf merger models of Pakmor et al. (2012) and Röpke
et al. (2012), as a promising example of double-degenerate mod-
els, produce relatively large quantities of O and Si (which largely
results from the burning of the secondary white dwarf) in the core
of the ejecta, but also in the outer layers. Fe-group material is pro-
duced burning the dense core of the more massive white dwarf,
and thus will be found in the centre of the ejecta. 3D delayed-
detonation explosions, as a realistic single-degenerate model for
SNe Ia (Seitenzahl et al. 2013), have less O and Si in the centre. Fe-
group material is found in their core, but also further outwards (cf.
Fig. 4) because of the turbulent combustion in the initial deflagra-
tion phase. Quantifying the different Fe-group content in the models
above 8000 km s−1 (cf. Fig. 6), one obtains a value of ∼0.4 M�
for N100 (Seitenzahl et al. 2013) and a value of ∼0.1 M� for the
0.9–1.1 M� merger of Pakmor et al. (2012) and Röpke et al. (2012).

4.4.2 Observational expectations: are different explosion types
strongly linked to different Na subsamples?

When analysing our Na subsamples for possible systematic dif-
ferences caused by different progenitors, we have to ask the basic
question how clearly SNe of one or another Na subsample would
represent SNe from one or another explosion mechanism.

For a simplified discussion, we assume two kinds of progenitor
systems to our observational subsamples – one of which is able to
produce CSM (‘CSM producers’)10 and the other not (‘CSM-free
systems’). CSM-producer objects need not always show blueshifted
narrow Na lines, as the CSM may be asymmetric or very dilute.
CSM-free systems, of course, cannot show CSM Na lines. All sys-
tems may show random Na I D components from the ISM.

It then turns out that the probabilities of finding CSM producers
in the different Na subsamples depend crucially on what fraction of
SNe Ia actually come from CSM producers. In the supplementary
online material (part B), we have calculated these probabilities
for two illustrative example scenarios (30 per cent CSM producers
or 80 per cent CSM producers within all SNe Ia), assuming the
observed Na-subsample sizes of, for example, Maguire et al. (2013)
to be representative. We have obtained the following results.

(i) ‘Scenario 1’: For a CSM-producer fraction of 30 per cent, the
majority (60 per cent) of blueshifted-Na SNe will be CSM produc-
ers, while the no-Na and redshifted-Na subsamples will be prac-
tically devoid of these systems (contribution �10 per cent). This
means, the Na subsamples can be mapped relatively clearly to dif-
ferent progenitor types.

(ii) ‘Scenario 2’: If 80 per cent of all SNe Ia are from CSM pro-
ducers, practically all blueshifted-Na SNe (90 per cent) are CSM
producers, but the no-Na and redshifted-Na subsamples are also
essentially composed of these objects (70 per cent), i.e. the differ-
ence between the Na subsamples becomes insignificant. In other
words, if almost all SNe come from CSM-producer systems, all Na

10 Usually, ‘CSM producers’ are believed to be single degenerates, but see
Phillips et al. (2013), Shen et al. (2013) and Raskin & Kasen (2013). We
therefore apply a neutral naming here.

subsamples will have equal SN properties, and the fact that many
SNe do not show CSM lines will simply be due to intrinsic effects
within the explosion scenario (asymmetries etc. as mentioned).

4.4.3 How many/which progenitor channels are at work?

From our study, which found slight differences between the Na sub-
samples, we cannot definitely answer the question whether ‘normal’
SNe Ia originate from one or two fundamental types of progenitor
systems. If further studies, in the line of Sternberg et al. (2011),
Foley et al. (2012b), Maguire et al. (2013) and this work, however
continue to find little difference especially among redshifted-Na and
blueshifted-Na SNe, we may suggest ‘Scenario 2’ from the previ-
ous subsection to hold: most SNe Ia are due to the same explosion
mechanism(s) that is/are able to produce CSM lines. In this context,
it is important to clarify whether not only single-degenerate sys-
tems (Booth et al. 2016), but also double-degenerate ones (Phillips
et al. 2013; Raskin & Kasen 2013; Shen et al. 2013) can generate
CSM signatures. It is also important to understand why SNe Ia in
early-type galaxies tend to be fainter than average and display no
narrow Na I D lines. If all SNe Ia (with redshifted/blueshifted, but
also without Na lines) come from the same progenitor systems, the
correlation between early-type host and lack of Na I D might be
explained by what Booth et al. (2016) suggest: Na I D lines may
only be visible if the CSM interacts with a relatively dense ISM.

5 C O N C L U S I O N S

Using radiative-transfer modelling, we have performed an abun-
dance analysis of a sample of SNe Ia for which information on
narrow Na I D absorption lines (in high-resolution spectra), as well
as a decent spectral time sequence (low resolution, but good time
coverage and sampling), is available. Our aim was to identify possi-
ble differences between SNe Ia with and without narrow blueshifted
Na I D absorption features, and how these may relate to their explo-
sion mechanisms. Narrow Na I D absorption lines blueshifted with
respect to the SN rest frame are – at least in some cases – supposedly
formed within progenitor material along the line of sight towards
the observer.

The most important differences we find between our ‘Na subsam-
ples’ are in photospheric velocity (where blueshifted-Na SNe show
the highest values, followed by redshifted-Na SNe and no-Na SNe),
and in the Fe-group content of the outer layers (where blueshifted-
Na SNe show higher values than both redshifted-Na and no-Na
SNe). However, all these differences are practically within error
bars, such that with our sample and methods firm conclusions on
SN Ia progenitors cannot yet be derived.

We note that our results are compatible with those of Maguire
et al. (2013), who find little difference among the subsamples show-
ing Na I D lines (redshifted versus blueshifted), but some larger dif-
ference between blueshifted-Na SNe and no-Na objects. Comparing
the latter two subsamples, we see different photospheric velocities
and Fe abundances within the outer ejecta. These correspond to a
smaller overall Fe-group content in no-Na SNe, reflecting the fact
that these no-Na SNe almost exclusively occur in early-type galax-
ies, where SNe Ia tend to have narrower light curves and a smaller
luminosities (e.g. Hamuy et al. 2000). Between blueshifted- and
redshifted-Na SNe, we find a marginally significant difference in
the Fe-group content of the outer layers. This may be compatible
with systematic differences in the abundance stratification, possibly
compatible with different explosion mechanisms. However, as long
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as we have only small-number statistics, this remains speculation.
Mild variations, as we see them, may rather well be in line with a
‘unified’ SN scenario for blue- and redshifted-Na objects.

In order to clarify whether one or multiple SN Ia scenarios are at
work, the differences between the Na subsamples should be further
examined using much larger samples of the order of 100 objects.
This becomes particularly clear looking at the expectation values
of finding different explosion types within the subsamples. Unless
CSM-producing systems are a minority of all SNe Ia (∼30 per cent),
they will contribute a significant number of objects to all Na subsam-
ples, making no-Na, redshifted-Na and blueshifted-Na SNe hardly
distinguishable by any data-analysis method applied to small sam-
ples.

As more data become available, also theoretical SN Ia models
should evolve, allowing for more precise checks whether obser-
vational results are compatible with them. In particular, it has to
be theoretically clarified whether only single-degenerate binaries,
or also double-degenerate systems can generate a CSM produc-
ing narrow Na I D components in the SN spectrum. Furthermore, a
possible correlation of the CSM production in these systems with
other progenitor/SN properties (such as metallicity) should be stud-
ied. Meanwhile, an analysis of peculiar SNe Ia, which we have
excluded from our study and which in quite some cases have shown
blueshifted Na I D lines, may help to shed further light on the pro-
genitors of SNe Ia.
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Gilfanov M., Bogdán Á., 2010, Nature, 463, 924
Goldhaber G. et al., 1998, BAAS, 193, 47.13
Goldhaber G. et al., 2001, ApJ, 558, 359
Greggio L., 2005, A&A, 441, 1055
Guy J. et al., 2007, A&A, 466, 11
Hachinger S. et al., 2013, MNRAS, 429, 2228
Hamuy M., Phillips M. M., Maza J., Wischnjewsky M., Uomoto A., Landolt

A. U., Khatwani R., 1991, AJ, 102, 208
Hamuy M., Trager S. C., Pinto P. A., Phillips M. M., Schommer R. A.,

Ivanov V., Suntzeff N. B., 2000, AJ, 120, 1479
Henne V. et al., 2017, New Astron., 51, 43
Hicken M. et al., 2009, ApJ, 700, 331
Hillebrandt W., Niemeyer J. C., 2000, ARA&A, 38, 191
Howell D. A., 2011, Nature Commun., 2, 350
Iwamoto K., Brachwitz F., Nomoto K., Kishimoto N., Umeda H., Hix W.

R., Thielemann F., 1999, ApJS, 125, 439
Jeffery D. J., Leibundgut B., Kirshner R. P., Benetti S., Branch D., Sonneborn

G., 1992, ApJ, 397, 304
Jha S., Riess A. G., Kirshner R. P., 2007, ApJ, 659, 122

MNRAS 471, 491–506 (2017)
Downloaded from https://academic.oup.com/mnras/article-abstract/471/1/491/3906590/Type-Ia-supernovae-with-and-without-blueshifted
by Liverpool John Moores University user
on 18 October 2017

http://nedwww.ipac.caltech.edu
http://wiserep.weizmann.ac.il
http://leda.univ-lyon1.fr
http://iraf.noao.edu
http://www.stsci.edu


Structure of SNe Ia with(out) blueshifted Na 505

Jordan G. C. I., Perets H. B., Fisher R. T., van Rossum D. R., 2012, ApJ,
761, L23
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A P P E N D I X : T H E A S S U M P T I O N O F T H E N 1 0 0
D E N S I T Y IN O U R M O D E L S

As laid out in Section 2.4, we assume the density profile of the
N100 model (Seitenzahl et al. 2013) for our abundance analyses.
This model represents the explosion of a Chandrasekhar-mass C/O
white dwarf as a delayed detonation. Thus, it likely corresponds
to the single-degenerate path of evolution to an SN Ia. Here, we
test whether this introduces systematic errors into our results for
the chemical yields. We show results based on a modified version
of our models, which is based on the spherically averaged density
of the violent-merger explosion model of Pakmor et al. (2012) and
Röpke et al. (2012). The latter model represents an SN Ia resulting
from a double-degenerate system of two C/O white dwarfs with 0.9
and 1.1 M� (also see plot in our main text – Section 2, Fig. 2).

In the upper and lower panels of Fig. A1, we give the N100-
and the merger-based abundance reconstruction for SN 2007le as
an example case. We had to make only minor modifications to
abundances/photospheric velocities to obtain an optimum fit with
the merger model. The mass in both the merger and the delayed-
detonation model above v = 8000 km s−1 (i.e. in the envelope zone
we have modelled) is ∼0.9 M�, such that the integrated chemical
yields are also similar.

Therefore, when repeating our analyses of Section 4 with the
merger-based models for all our SNe, we obtain only insignificant
differences. An example for this is shown in Fig. A2. Here, the
mass of Fe-group elements above v = 8000 km s−1 we derive is
shown for all SNe, first for our ‘standard models’ (upper panel,
also see Section 4.2) and then for our merger-based models (lower
panel). Realizing that the changes are minor, we are confident that
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Figure A1. Upper panel: abundance distribution of our (N100-based) stan-
dard model for 2007le (already shown in Fig. 4). Lower panel: abundance
distribution of the test model based on the merger density.

our conclusions would not be changed if we would use the merger
model as a basis for all our analysis or for part of it.

We caution that both our N100- and our merger-based models
are calculated with 1D-averaged density profiles of the respective
explosion models. In terms of fit quality, the results we obtain with
these averaged density profiles are sometimes not as good as results
obtained with a density from 1D explosion models such as W7 or
WDD1 (Nomoto et al. 1984; Iwamoto et al. 1999). The discrep-
ancies between models and observations, which may be due to the
hydrodynamical models themselves or to the 1D averaging, corre-

Figure A2. Mass of Fe-group elements above 8000 km s−1 in our models
based on N100 (upper panel, which is a copy of Fig. 6 of the main text), and
in our test models based on the 0.9–1.1 M� merger density (lower panel).
The differences in density between N100 and the merger model have no
pronounced effect on the chemical yields of our models.

spond to an uncertainty in our abundance results which we estimate
to be within the error bars shown in Section 4. In forthcoming stud-
ies with larger SN Ia samples, where the entire analysis reaches a
finer (i.e. statistically more significant) level, this source of error
should however be thoroughly investigated.
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