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ABSTRACT
This work aims to study different probes of Type Ia supernova progenitors that have been suggested
to be linked to the presence of circumstellar material (CSM). In particular, we have investigated,
for the first time, the link between narrow blueshifted Na i D absorption profiles and the presence
and strength of the broad high-velocity Ca ii near infrared triplet absorption features seen in Type
Ia supernovae around maximum light. With the probes exploring different distances from the su-
pernova; Na i D > 1017cm, high-velocity Ca ii features < 1015cm. For this, we have used a new
intermediate-resolution X-shooter spectral sample of 15 Type Ia supernovae. We do not identify a
link between these two probes, implying either that, one (or both) is not physically related to the
presence of CSM or that the occurrence of CSM at the distance explored by one probe is not linked
to its presence at the distance probed by the other. However, the previously identified statistical
excess in the presence of blueshifted (over redshifted) Na i D absorption is confirmed in this sample
at high significance and is found to be stronger in Type Ia supernovae hosted by late-type galaxies.
This excess is difficult to explain as being from an interstellar-medium origin as has been suggested
by some recent modelling, as such an origin is not expected to show a bias for blueshifted absorp-
tion. However, a circumstellar origin for these features also appears unsatisfactory based on our new
results given the lack of link between the two probes of CSM investigated.

Key words: circumstellar matter – supernovae:general – distance scale.

1 INTRODUCTION

Type Ia supernovae (SNe Ia) are the explosions of white
dwarfs in binary systems, play a major role in our under-
standing of the expansion rate of the Universe and are es-
sential for constraining the properties of dark energy to high
precision (e.g., Scolnic et al. 2018). Despite this, there are
still major gaps in our understanding of their underlying pro-
genitor systems. While the observed rate of SNe Ia is mea-
surable by sky surveys (e.g., Li et al. 2011; Frohmaier et al.
2019), the rate of the underlying progenitor channels is
much more uncertain, with the likely possibility that there
is more than one way to make a SN Ia (e.g., Maoz et al.
2014; Jha et al. 2019). Classical SN Ia models involve an
exploding white dwarf that is close to the Chandrasekhar
mass, which has accreted matter from a non-degenerate
companion star and resulting in a runaway thermonuclear

reaction (Whelan et al. 1973). Models involving the explo-
sion of sub-Chandrasekhar mass white dwarfs have also
gained popularity and the explosion can occur through a
violent or dynamical merger (Pakmor et al. 2010) or the
triggering of a He-shell on the white dwarf surface, which
results in a detonation of the core (‘double-detonation’;
Taam 1980; Livne & Arnett 1995; Shen & Bildsten 2009;
Fink et al. 2010).

One observational method that has been used to dis-
tinguish between potential SN Ia progenitor scenarios is the
presence of circumstellar material (CSM), which is thought
to be more likely in the case of a non-degenerate companion
star (Hachisu et al. 1999a,b), although may be present in
some merger scenarios (e.g., Raskin & Kasen 2013). Time-
varying blueshifted Na i D absorption features have been
identified in some SNe Ia (Patat et al. 2007; Simon et al.
2009; Blondin et al. 2009, 2017; Stritzinger et al. 2010;
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Sternberg et al. 2014), with the interpretation that these
were due to outflowing (hence blueshifted) CSM close to
the SN (distances of ∼ 1017 cm) and not interstellar mate-
rial (ISM). Additionally, an excess of blueshifted compared
to redshifted Na i D absorption features has been identified
in larger SN Ia samples, consistent with a CSM origin in ∼20
% of SNe Ia (Sternberg et al. 2011; Maguire et al. 2013).

Potential links between the presence of blueshifted
Na i D absorption and the properties of the SNe Ia
themselves (Si ii velocity, colour at maximum) have been
suggested (e.g., Foley et al. 2012; Maguire et al. 2013;
Phillips et al. 2013). SNe Ia displaying blueshifted Na i D
absorption are associated with redder B-V colours at max-
imum and in some cases also have higher Si ii velocities
(but this trend is not seen in all studies e.g., Maguire et al.
2013). A link between SNe Ia showing high-velocity Si ii fea-
tures and redder B-V colours at maximum was also previ-
ously suggested by Wang et al. (2009). SNe Ia with stronger
Na i D absorption in low-resolution spectra also have a
preference for redshifted late-time emission line velocities
(Förster et al. 2012).

Phillips et al. (2013) found that SNe Ia displaying
blueshifted Na i D have stronger Na i column densities com-
pared to what would be expected from their colour-derived
extinction. This was not the case for their non-blueshifted
sample, where the extinction and Na i column densities fol-
lowed the Milky Way relation. This study concluded that
the strong Na i column densities for the blueshifted Na i D
sample was potentially evidence for outflowing CSM from
these systems but there does not appear to be a direct rela-
tion; some SNe Ia that are identified as having time-varying
Na i D (thought to be a clear indicator of CSM interaction)
do not follow this relation.

The ratio of total-to-selective extinction, RV , mea-
sured in the Milky Way has a typical value of ∼ 3.1
(Fitzpatrick 1999), though a range of values are observed
(Mörtsell 2013 found a value ∼3 with an uncertainty of
around 10%, whereas Nataf et al. 2013 find a RV value of
2.5 in the direction of the galactic core). Much lower val-
ues (RV < 2) have been measured for some highly extincted
SNe Ia (e.g., Amanullah et al. 2014; Burns et al. 2014), with
these measurements confirmed through spectropolarimetry
(Patat et al. 2015; Zelaya et al. 2017). However, whilst not
measuring the parameter in the same way, larger cosmologi-
cal samples of normal SNe Ia have identified a range of RV ,
from RV ≤ 2 (e.g., Astier et al. 2006; Conley et al. 2007),
to values closer to 3 (e.g., Fink et al. 2010; Mandel et al.
2011). The cause of the low RV values seen in some SNe Ia
is debated. Some studies have suggested it could be due
to multiple scattering in CSM around the SNe Ia (Wang
2005; Goobar 2008; Amanullah & Goobar 2011), due to en-
hanced Na abundances in the CSM (Phillips et al. 2013).
Other studies have concluded that it is mainly produced in
the ISM (Bulla et al. 2018a,b), where cloud-cloud collisions
from the radiation pressure generated by the exploding SNe
themselves may produce smaller dust grains (Hoang 2017;
Giang et al. 2020).

High-velocity components in the Ca ii NIR triplet ab-
sorption feature are observed in nearly all SNe Ia spec-
tra obtained around maximum light (Hatano et al. 1999;
Gerardy et al. 2004; Mazzali et al. 2005; Childress et al.
2013a,b; Maguire et al. 2014), though the strengths of such

components vary significantly between objects. The origin of
these high-velocity components (with velocities a few thou-
sand km s−1 greater than the photospheric components) is
unclear but it has been proposed that the high-velocity com-
ponents of the Ca ii NIR triplet could have contributions
from CSM (at distances of ∼ 1014 cm) (Gerardy et al. 2004;
Mazzali et al. 2005; Quimby et al. 2006; Tanaka et al. 2008)
or they may be intrinsic to the SN ejecta (Branch et al. 2006;
Blondin et al. 2012). If a clear relation between blueshifted
Na i D absorption and high velocity Ca ii absorption were to
be established, it would be a strong indication of local CSM
interaction during the early phases of SNe Ia evolution.

The focus of this paper is to investigate the link be-
tween two potential probes of the presence of CSM around
SNe Ia; the presence of blueshifted Na i D absorption fea-
tures and the properties of Ca ii high-velocity features. We
do this using a new sample of intermediate-resolution spec-
tra of SNe Ia around maximum combined with the literature
samples of Sternberg et al. (2011) and Maguire et al. (2013).
Section 2 outlines the observations and reduction techniques
employed in the construction of the dataset used in this
work, while Section 3 details the analysis of the sample
of spectra obtained, along with their complementary pho-
tometric observations and host galaxy measurements. Sec-
tion 4 describes the main results and Section 5 discusses the
implications of these results in the context of the progen-
itors of SNe Ia and previous studies. Section 6 presents a
summary of our main findings. Throughout this paper, we
assume a Hubble constant, H0 of 70 km s−1 Mpc−1 and adopt
a standard cosmology with ΩM=0.27 and ΩΛ=0.73.

2 OBSERVATIONS AND DATA REDUCTION

In this section, we describe the new data sample used in this
work of maximum light X-shooter spectra of 16 SNe Ia. In
Section 2.1, we describe the reduction process and telluric
correction. In Section 2.2, we discuss the estimates of the
light curve properties (light curve width, colour at maxi-
mum), as well as the spectroscopic sub-classification of each
SN Ia in the sample. In Section 2.3, we discuss additional
literature objects that are included to increase the sample
size.

2.1 X-shooter spectroscopic observations

The primary dataset used in this work consists of maximum
light (within approx. one week of peak) medium-resolution
X-shooter spectroscopy of 16 SNe Ia with wavelength cov-
erage of ∼3000 to 25000 Å across three arms (UVB, VIS,
NIR) (Vernet et al. 2011). The SNe were chosen for observa-
tion with X-shooter in an unbiased manner, using the same
criteria as Maguire et al. (2013) i.e., the target SNe Ia had
already been spectroscopically classified and reported on the
Transient Name Server (TNS) prior to maximum light to
eliminate the risk of contamination from other types of tran-
sient with a redshift < 0.03 to enable a high signal to noise
spectrum to be obtained. A summary of the sample, includ-
ing their discovery information and properties of their host
galaxies, is presented in Table 1.

The X-shooter spectra were reduced in a standard man-
ner using the ESO Reflex reduction pipeline to produce flux-
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Table 1. Discovery and host galaxy information for the SN Ia sample. The discovery survey is that reported on the TNS. Two redshifts
are listed, the heliocentric value from NED along with the final adopted redshift. The redshift calibration method for each adopted

redshift is listed as either emission features (a mean value if there is more than one feature) seen in the X-shooter spectra or if no lines

were seen, the value from NED is used.

SN name Discovery Host galaxy name Host NED host z Adopted z z calibration

survey morphologya method

SN 2016hvl ATLASb UGC 03524 S1 0.0131 0.0131 Hα

SN 2016ipf∗ ATLAS 2MASX J08071352+0540566 E3 0.021 0.0206 Hα

SN 2017hm ASAS-SNb MCG-02-30-003 Sb1 0.0213 0.0219 Hα

SN 2017hn POSSc UGC 08204 S01 0.02385 0.02385 NED

SN 2017yv ASAS-SN ESO 375-G018 S3 0.0156 0.0158 Hα + N ii

SN 2017awz ATLAS MCG+04-26-033 S2 0.022 0.0221 Hα + N ii

SN 2017azw ASAS-SN ESO 015-G010 Dwarf3 0.02 0.02 NED

SN 2017bkc ASAS-SN J17503055-0148023 S2 0.0174 0.0163 Hα

SN 2017cbv∗∗ DLT40d NGC 5643 Sc1 0.003999 0.003999 NED

SN 2017ckq ATLAS ESO 437-G056 Sbc1 0.0099 0.0098 Hα

SN 2017ejb DLT40 NGC 4696 E1 0.00987 0.00987 NED

SN 2017fgc DLT40 NGC 0474 S01 0.007722 0.007722 NED

SN 2017fzw DLT40 NGC 2217 S01 0.0054 0.0054 NED

SN 2017gah ATLAS NGC 7187 S01 0.008906 0.008906 NED

SN 2017guh∗∗∗ ASAS-SN ESO 486-G019 S01 0.015427 0.015427 NED

SN 2017gvp ASAS-SN UGC 12739 S1 0.023 0.0229 Hα

aHost galaxy morphology source: 1de Vaucouleurs et al. (1991), 2visually classified as part of this work, 3Lauberts et al. (1981).
bATLAS: Asteroid Terrestrial-impact Last Alert System (Tonry et al. 2018)
cASAS-SN: All-Sky Automated Survey for Supernovae (Shappee et al. 2014).
dPOSS: Puckett Observatory Supernova Search (http://cometwatch.com/supernovasearch/discoveries.html).
eDLT40: Sub-day cadence SN search of galaxies at D<40 Mpc (Sand et al. 2018).
∗No heliocentric host redshift is available on NED, with the host z taken from the original TNS classification report
∗∗SN 2017cbv is notable for having a significant early excess in the bluer bands of its light curve (Hosseinzadeh et al. 2017). It was also

investigated by Ferretti et al. (2017) exploring if it displayed any time variable Na i D absorption features - none where detected.
∗∗∗SN 2017guh is excluded from further analysis due to strong host galaxy contamination.

calibrated spectra (Modigliani et al. 2010; Freudling et al.
2013). Additional telluric corrections were applied to the
VIS and NIR arm of the majority of the sample with the
MOLECFIT software (Smette et al. 2015; Kausch et al. 2015).
A telluric correction was not applied for 2 SNe Ia (SNe
2017hn and 2017bkc) for the NIR arm because of low signal-
to-noise (S/N). SN 2017guh was consistent with the core of
its host galaxy and suffered from significant host galaxy con-
tamination and therefore is removed from further analysis.
The spectra were corrected for Galactic extinction using the
E(B − V) values from Schlafly & Finkbeiner (2011) and the
extinction law of Fitzpatrick (1999). The definition of the
redshift of each SN is central to this analysis and is dis-
cussed further in Section 3.1.1.

2.2 Light curve properties and spectral
classification

Light curves from the Asteroid Terrestrial-impact Last Alert
System (ATLAS Tonry et al. 2018; Smith et al. 2020) sky
survey were used to constrain the photometric properties of
9 events in the sample (as indicated in Table 2). Photometric
information for these objects can be retrieved from the AT-
LAS forced photometry server (Shingles et al. 2021). A mea-
sure of the light curve width (‘stretch’) was estimated using
the SiFTO light curve fitting code (Conley et al. 2008) for
these events. The maximum light B–V colour was also esti-
mated using SiFTO for two events (SN 2017ckq, SN 2017gah)
with multi-band (ATLAS cyan and ATLAS orange) pho-
tometry around maximum light. For three objects in the

sample, photometry from the literature was fit using SiFTO:
SN 2017cbv (Hosseinzadeh et al. 2017), SN 2017ejb and
SN 2017fzw (Galbany et al. in prep.) The ‘stretch’ values,
along with available B–V colours at maximum, for the sam-
ple are presented in Table 2. The stretch range (∼0.82–1.44)
is consistent with that found for the low-z Palomar Transient
Factory (PTF) SN Ia sample (Maguire et al. 2014).

Since light curve colour measurements were only avail-
able for five events, B–V colours around maximum were also
estimated using the X-shooter spectra. These spectra were
integrated through B and V band filters to obtain the colour
at the phase of the spectrum. We have excluded SN 2016hvl
from our spectral colour comparisons because its spectral
phase (−7.8 ± 0.46 d) is significantly earlier than the rest of
the sample of −4 to +5 d from peak.

The instrument response of X-shooter is relatively sta-
ble, with an estimated relative flux uncertainty of five per
cent across the spectrum (Vernet et al. 2011). Since we are
only interested here in the colour, the absolute flux calibra-
tion is not relevant. As a sanity check on the magnitude of
this uncertainty, we have compared the photometric B–V
values obtained at peak against the values measured from
X-shooter spectra for four events (SN 2012cg, SN 2012ht,
LSQ12dbr, SN 2013aj) from Maguire et al. (2013) and find
agreement within the uncertainties for the four events. For
the five events in our sample with both photometric and
spectroscopic colour measurements, we have also compared
these values and find that they are in agreement except for
a slight discrepancy (∼1-σ) for SN 2017cbv, which we at-
tribute to the earlier phase of its spectrum. To quantify the
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Table 2. Summary table of the SN sub-type classification, light curve and spectral properties.

SN name Sub-typea Light curve B −V B −V b
spec MJDc Spectral Na i D Ca ii H&K Na i D2 pEQW Na i D2 pEQW

stretch at peak of spectrum phase (d)d profilee profilee total (Å) f blue (Å)g

SN 2016hvl Ia-91T 1.14 ± 0.05 – −0.14 ± 0.23 57702.29 −7.80 ± 0.46 Blue Inconclusive* 0.157 ± 0.023 0.143 ± 0.012

SN 2016ipf Ia – – −0.08 ± 0.23 57725.28 −3 ± 1 No Abs. Inconclusive* – 0.018 ± 0.018

SN 2017hm Ia 1.11 ± 0.03 – 0.11 ± 0.23 57775.33 2.94 ± 0.15 Blue Inconclusive* 0.107 ± 0.022 0.083 ± 0.010
SN 2017hn Ia-91T 1.44 ± 0.22 – 0.23 ± 0.23 57773.32 2.46 ± 2.36 No Abs. Inconclusive* – –

SN 2017yv Ia 1.01 ± 0.20 – 0.19 ± 0.23 57797.22 2.81 ± 0.72 Blue Blue 0.503 ± 0.005 0.400 ± 0.003

SN 2017awz Ia-91T 0.95 ± 0.11 – 0.14 ± 0.23 57816.21 4.01 ± 0.60 Blue & Red Blue & Red 1.235 ± 0.014 0.797 ± 0.008
SN 2017azw Ia – – −0.05 ± 0.23 57816.02 1 ± 1 No Abs. No Abs. – –

SN 2017bkc Ia – – 0.23 ± 0.23 57816.36 5 ± 3 No Abs. No Abs. 0.066 ± 0.022 0.009 ± 0.018

SN 2017cbv Ia 1.11 ± 0.02 0.04 ± 0.02 −0.23 ± 0.23 57837.15 −2.82 ± 0.04 Red Red 0.036 ± 0.010 0.010 ± 0.004
SN 2017ckq Ia 1.02 ± 0.03 0.00 ± 0.04 0.00 ± 0.23 57853.06 2.42 ± 0.11 Blue Blue 0.069 ± 0.022 0.019 ± 0.011

SN 2017ejb Ia-91bg 0.73 ± 0.03 0.28 ± 0.06 0.45 ± 0.23 57913.05 −2.84 ± 0.07 No Abs. No Abs. – –

SN 2017fgc Ia 0.92 ± 0.02 – 0.22 ± 0.23 57961.32 2.15 ± 0.17 No Abs. Blue & Red – –
SN 2017fzw Ia 0.74 ± 0.01 0.33 ± 0.06 0.16 ± 0.23 57983.39 −3.99 ± 0.13 No Abs. No Abs. – –

SN 2017gah Ia 0.82 ± 0.01 0.13 ± 0.02 0.30 ± 0.23 57982.26 −2.74 ± 0.08 No Abs. Inconclusive* 0.015 ± 0.018 0.022 ± 0.010
SN 2017gvp Ia 1.19 ± 0.15 – 0.02 ± 0.23 58026.10 −2.83 ± 0.75 Blue & Red Blue 0.692 ± 0.018 0.374 ± 0.007

aSub-type classification based on SNID (Blondin & Tonry 2007).
bB-V colour calculated from X-shooter spectra at that phase.
cModified Julian Date of start time of first X-shooter spectral exposure.
dRelative to B-band maximum. Where no light curve is available, the phase was estimated from the best-fit SNID spectral template.
eThe profiles are classified as having components that are ‘blueshifted’, ‘redshifted’, ‘blue and redshifted’ or ‘no absorption’.
f Na i D2 pEQW in the range −200 – 200 km s−1. Features where the emission is consistent with spectral noise are set to zero.
gNa i D2 pEQW in the range −200 – 0 km s−1. Features where the emission is consistent with spectral noise are set to zero.

*No consistent absorption - absorption was seen from only one of the Ca ii lines.

additional uncertainty that will be introduced to changes
in phase, we have estimated the colour change within a
phase range of ±4 d for the well-studied event SN 2017cbv
(Hosseinzadeh et al. 2017) to be ∼0.1 mag, which is also con-
sistent with the range for SN 2011fe and SN 2012cg (see
Figure 2 of Hosseinzadeh et al. 2017). We have added this
additional uncertainty due to phase in quadrature (see Table
2).

The SNe Ia in the sample were sub-classified using the
SN IDentification SNID code (Blondin & Tonry 2007) ap-
plied to their X-shooter spectra. The bulk of the sample
(11/15) were classified as ‘normal’ SNe Ia, three as 91T-
like events, and one as a 91bg-like event (see Table 2).
SN 2017fzw is classified as a ‘normal’ SN Ia based on the
SNID comparison but has some unusual properties, as will
be discussed further in Galbany et al. (in prep.).

2.3 Literature comparison sample

In order to increase the number of objects available for inclu-
sion in the statistical analysis of this work, the 15 newly pre-
sented objects are supplemented by the inclusion of the com-
bined dataset described in Maguire et al. (2013). This addi-
tional dataset consists of 16 SNe Ia observed with X-shooter
and 16 SNe Ia from Sternberg et al. (2011) with similar
intermediate-resolution spectra around maximum light. Our
combined sample (referred to as the ‘full’ sample) consists
of 47 SNe Ia. We note that the sample of Sternberg et al.
(2011) has a weak selection effect, with six of the objects
selected based on identification of strong narrow Na i D ab-
sorption features e.g., SN 2006X.

3 ANALYSIS

In this section, we describe the analysis performed to cali-
brate the spectra to the rest frame and determine the pres-
ence of blueshifted material (Section 3.1), the host galaxy

morphologies and stellar mass measurements of the sample
(Section 3.2), and the measurements of the broad SN ab-
sorption components of Si ii and Ca ii.

3.1 Identification of narrow absorption features

As the narrow features displayed by the Na i D and Ca ii
H&K lines are at low velocities, displaying shifts of only
a few hundred km s−1 from their expected rest positions
(Patat et al. 2007), accurate redshift calibration is key in
determining if any observed features are red or blueshifted.
Any contaminating absorption features produced by unre-
lated interstellar material in the host galaxy would also
be expected to be detected within a few hundred km s−1

of the SN, given the typical velocity distributions of mate-
rial in galaxies. Such contamination is expected to produce
an equal amount of both ‘blue’ and ‘redshifted’ absorption
features (with respect to the SN rest-frame) with potential
SN-generated features being exclusively blueshifted, due to
their origin in out-flowing stellar material and the associated
line of sight effects (but see Hoang 2017).

3.1.1 Redshift and zero-velocity calibration

To determine the accurate rest frame of each SN, measure-
ments were made using host galaxy emission features identi-
fied in the two-dimensional spectral frames, close to the SN
position. The host galaxy lines used were the Hα and N ii
6583 Å due to their proximity to the most important feature
in this analysis, Na i D. The lines used in the determination
of the redshift for each event and the measured redshift is
given in Table 1. For seven events in the sample, no host
galaxy features could be identified in the X-shooter spectra.
This was due to either the SN having a significant offset
from its host and/or the host being an early-type galaxy
that lacks strong emission features. This could potentially
result in larger uncertainties due to the lack of an accurate
rest frame correction at the SN position. However, for the
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Figure 1. Na i D (left panels) and Ca ii H&K (right panels) regions of objects displaying blueshifted Na i D absorption features. The

method of redshift classification is also indicated below the spectra, with the galactic emission lines used.

seven events without identified host features, none showed
absorption profiles for Na i D - thus these cases are unaf-
fected. The adopted redshift in Table 1 for these events is
the heliocentric redshift retrieved from NED1.

Based on these redshifts, the ‘position’ of the zero-
velocity for each spectrum can be obtained and the clas-
sification of the Na i D and Ca ii H&K features into ‘red-
shifted’, ‘blueshifted’, ‘red and blueshifted’ or ‘no absorp-

1 The NASA/IPAC Extragalactic Database (NED) is operated

by the Jet Propulsion Laboratory, California Institute of Tech-
nology, under contract with the National Aeronautics and Space

Administration.

tion’ with respect to the zero rest-frame position from the
host galaxy lines can be made. This schema mirrors that
used in Maguire et al. (2013), which was modified from that
of Sternberg et al. (2011). We again note that those SNe cal-
ibrated using the host redshifts have increased uncertainties
due to galactic rotation effects (though no SNe in this sample
with observed Na i D absorption was calibrated in this man-
ner). Additionally if the material responsible for producing
the narrow galaxy lines is located somewhat in front or be-
hind the true SN position the calibration will also be affected
though these offsets are expected to be small with the use of
local lines from the 2D spectral frames. Figures 1 and 2 show
the SNe with ‘blueshifted’ and ‘red and blueshifted’ Na i D
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Figure 2. Na i D (left panel) and Ca ii H&K (right panel) regions of objects displaying blue and redshifted Na i D absorption features.

The method of redshift classification is also indicated below the spectra, with the galactic emission lines used.
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Figure 3. Na i D (left panel) and Ca ii H&K (right panel) regions of SN 2017cbv, the one object displaying redshifted Na i D absorption

features. The method of redshift classification is also indicated below the spectra, with ‘G’ for a galactic redshift estimate from the
literature. This classification is supported by the UVES observations described in (Ferretti et al. 2017)

absorption profiles, Figure 3 shows an event (SN 2017cbv)
identified with a redshifted Na i D absorption profile (con-
sistent with higher resolution spectra obtained with UVES
Ferretti et al. 2017), and Figs. 4 and 5 show the objects with
‘no absorption’ components of Na i D. The Ca ii H&K fea-
tures are shown for comparison - in studies of time-varying
narrow features, (e.g., Patat et al. 2007) the Ca ii features
are not seen to vary, which is suggested to be due to their
higher ionisation potential compared to Na i D. We find that
the Ca ii classifications are generally in agreement with those
of the Na i D, with just two having different classifications,
SN 2017fgc where the Ca ii H&K feature had blue and red-
shifted absorption while the Na i D had no absorption and
SN 2017gvp where the Ca ii H&K had blueshifted only ab-
sorption and the Na i D had blue and red. A similar small
number of inconsistencies between these features was also
identified in Maguire et al. (2013). As in previous studies,
we focus on the Na i D features and only use the Ca ii H&K
feature for confirming weak Na i D features.

3.1.2 Continuum calibration and pseudo-equivalent widths

To make measurements of the pseudo-equivalent widths (pE-
QWs) of the narrow Na i D features, any continuum offset
needs to be removed. This was done using a linear inter-
polation between uncontaminated regions on either side of
the Na i D feature. The pEQWs of each feature were then
measured following the method of Förster et al. (2012). Fol-
lowing previous works, the measurement of the stronger of
the two lines making up the Na i D doublet (Na i D2) is used
as the measure of the feature’s overall strength.

To gain an understanding of overall absorption strength,
as well as the strength of only the blueshifted absorption
component, the measurement of the pEQW has been made
in two velocity regions relative to the calibrated position of
zero velocity. The overall strength of the feature measured
in the region −200 – +200 km s−1 (‘total pEQW’) with the
pEQW of the blueshifted component measured from −200 –
0 km s−1. These values are tabulated in Table 2. Some pre-
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Figure 4. Na i D (left panel) and Ca ii H&K (right panel) regions of objects displaying no Na i D absorption features. The method of

redshift classification is also indicated below the spectra with the galactic emission lines used or ‘G’ for a galactic redshift estimate from

the literature.
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Figure 5. Na i D (left panels) and Ca ii H&K (right panels) regions of additional objects displaying no Na i D absorption features. The

method of redshift classification is also indicated below the spectra with ‘G’ for a galactic redshift estimate from the literature.

vious studies have used larger velocity ranges in the calcu-
lation of the pEQWs of Na i D, such as Förster et al. (2012)
who measured the features out to ± 300 km s−1. However, the
higher resolution of the X-shooter spectra allows a narrower
region to be used.

Both these pEQW measurements have been made for
the 15 new SNe Ia explored in this work, including those
for which a Na i D absorption feature could not be visually
identified, to serve as a confirmation of the non-detection
of these features. The regions selected for the continuum
were varied randomly within 15 Å of their initially selected
locations and the calculation repeated for a total of 5000
measurements to provide a measure of the uncertainty asso-
ciated with the pEQW measurement. The pEQW values for
the literature sample were taken from Maguire et al. (2013),
which were obtained using an analogous method.

3.2 Host galaxy analysis

To search for correlations between the properties of SNe Ia
and their environments, that could in turn be related to
differing progenitor scenarios, we perform an analysis of the
host properties of our SN sample. This work uses both visual
morphological classification of the host galaxies of the SN Ia
sample, along with photometric determinations of the total
stellar mass of the hosts, where suitable data are available.
We also calculate the projected distance between each SN
and the nucleus of its host.

5500 6000 6500 7000 7500 8000 8500 9000 9500
Rest Wavelength (Å)

Ar
bi

tr
ar

y 
Fl

ux

Si II Line Location
Ca II Line Location

Si II
Broad Absorption

Ca II
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Figure 6. Plot of the 5750–9500 Å region of SN 2017fgc with the

Si ii 6355 Å and Ca ii NIR triplet absorption features identified.
The vertical dashed blue lines represent the rest wavelengths of
the Si ii doublet and the vertical dashed red lines the rest wave-

lengths of the Ca ii NIR triplet.

3.2.1 Host morphological classification

Host morphological classifications for the SN Ia sam-
ple were retrieved from NED and are sourced from
the classification catalogues of Lauberts et al. (1981) and
de Vaucouleurs et al. (1991). For two objects (SN 2017awz,
SN 2017bkc), visual classification as spiral galaxies was
performed as part of this work. These morphological clas-
sifications are given in Table 1 as spiral (‘S’) and sub-
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Table 3. Summary of the host galaxy mass measurements made
for the hosts of the combined SNe sample using SDSS photometry.

SN Host log (M∗/M�)
SN 2006cm UGC 11723 10.37±0.07

SN 2007af NGC 5584 9.63±0.04
SN 2007kk UGC 2828 11.21±0.01

SN 2007le NGC 7721 10.26±0.01
SN 2008ec NGC 7469 10.40±0.03

SN 2008hv NGC 2765 10.70±0.04

SNF 20080514-002 UGC 8472 10.57±0.05
SN 2009ig NGC 1015 10.27±0.01

SN 2010A UGC 2019 10.15±0.01

SN 2012cg NGC 4424 8.83±0.02
SN 2012et CGCG 476-117 10.34±0.01

SN 2012ht NGC 3447 8.93±0.12

LSQ12dbr SDSS J2058-0258 7.98±0.15
PTF12iiq (1) 10.57±0.01

SN 2013aj NGC 5339 9.99±0.10

SN 2013U (2) 10.34±0.05
SN 2016ipf (3) 10.22±0.01

SN 2017hn UGC 08204 10.59±0.31

SN 2017awz MCG+04-26-033 10.26±0.01
SN 2017fgc NGC 0474 10.54±0.02

SN 2017gvp UGC 12739 10.61±0.09

* Photometric data from Mazzei et al. (2018).

(1) 2MASX J02500784-0016014

(2) 2MASX J10011189+0019458
(3) 2MASX J08071352+0540566

classifications (‘S0’, ‘Sa’, ‘Sab’, ‘Sb’, ‘Sbc’, ‘Sc’), elliptical
(‘E’), or dwarf.

Morphological classifications for the hosts of the SNe
included in the combined sample of objects from litera-
ture were adopted from their description in Sternberg et al.
(2011) or Maguire et al. (2013), apart from four cases,
where updated classifications were used. These objects are
SN 2008C, which is updated from ‘S0/a’ to ‘S’ based
on visual inspection of more recent Pan-STARRS 1 (PS1
Chambers et al. 2016) images, SN 2008fp is updated from
‘Sa’ to ‘S0’ (de Vaucouleurs et al. 1991), SN 2012fw is up-
dated from ‘S0/a’ to ‘S’ based on the classification of
Loveday (1996), and PTF12jgb is updated from unclassified
to ‘irregular’ based on PS1 imaging.

3.2.2 Host stellar mass estimates

To estimate the stellar mass of the hosts of the SNe within
this sample, we used photometric measurements of the
host galaxies from the Sloan Digital Sky Survey (SDSS;
Fukugita et al. 1996; Gunn et al. 1998, 2006; Blanton et al.
2017; Doi et al. 2010) and applied eqn. 8 of Taylor et al.
(2011) as was used in Rigault et al. (2018). This equation
provides a method of obtaining the stellar mass based on
g and i band imaging and has an accuracy of ∼ 0.1 dex.
The most appropriate magnitudes tabulated for SDSS for
this analysis were found to be the Petrosian magnitudes
(Taylor et al. 2011). Twenty one of the SNe Ia in our full
sample have available photometry in SDSS Data Release
16 (Ahumada et al. 2020), and were obtained using the
CasJobs data retrieval system. The photometry for the host
of SN 2012ht was found to be unreliable due to potential
blending with a coincident foreground star, and has been re-
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Figure 7. Na i D2 pEQW for the full sample vs the measured

projected distance between the individual SN and the nucleus of

it’s host galaxy. SNe with projected distances exceeding 12.5 kpc
are labelled.

placed by photometry, also in the SDSS filter system, from
Mazzei et al. (2018). The estimated stellar masses using the
method of Rigault et al. (2018) are given in Table 3. The
mean of the log of the host stellar mass of this sample is
determined to be 10.3, with a standard deviation of 0.7 dex.
The log of the mean host stellar mass from the PTF sam-
ple of Pan et al. (2014) was 10.2 with a standard deviation
of 0.8 dex, which is consistent with this sample within the
uncertainties.

3.2.3 Projected distance from host nucleus

The projected distance between each SN and the centre of
it’s host has been determined assuming that SN and host are
located at the same distance and are in the same plane i.e.,
inclination effects are not considered. The full results of these
calculations are shown in Figure 7. It is expected that ISM
effects will decrease with increasing galactocentric distance
making it more likely that objects at large distances showing
strong blueshifted Na i D absorption are the result of CSM
effects. The majority of the objects within the sample, re-
gardless of Na i D absorption classification are found at pro-
jected distances < 12.5 kpc, though two objects (LSQ12fxd
and LSQ12gdj) with blueshifted Na i D absorption are ob-
served at larger distances (26.5 and 17.5 kpc respectively).
More generally, the means for each Na i D absorption clas-
sification are found to be consistent (Blueshift: 6.5±7.2 kpc,
Blue and redshift: 3.2±1.9 kpc, Non blueshift: 8.9±8.5 kpc,
No absorption: 6.2±4.6 kpc) indicating no statistical rela-
tionship between Na i D absorption classification and the
projected distance between SN and host nucleus.
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Figure 8. Example Si ii fits for a selection of objects. Top Panels: Fitting the feature as being purely photospheric in origin. Bottom
Panels: Fitting with the inclusion of a high velocity component. SNe 2017hn and 2017bkc are examples where the fit including a high

velocity component reduces the overall residual pattern seen. SN 2017awz is a borderline case where including a high-velocity component

provides a small overall contribution to the pEQW of the feature (∼8%) and was ultimately rejected due to no fitting iteration reaching
the required component separation (absorption minima velocities differ by ∼ 1200 km s−1). The fitting of SN 2017cbv is considered to

have failed given the very broad nature of the high velocity component, the large high-velocity pEQW contribution (∼88%) and the small
velocity separation between the photospheric and high-velocity components (∼600 km s−1).

3.3 Line measurements of broad SN features

One of the main aims of this paper is to determine if there
is a relation between the presence of blueshifted Na i D fea-
tures and the broad SN features of Si ii 6355 Å and the Ca ii
NIR triplet seen in SNe Ia around maximum light. The typ-
ical identified broad features are shown for SN 2017fgc in
Figure 6. In particular, we are interested in quantifying the
presence of high-velocity components to these features with
velocities 1500km s−1 higher than the photospheric contribu-
tion, which have been previously attributed to interaction
with CSM (e.g., Mazzali et al. 2005). The identification of
a relation would provide evidence of blueshifted Na i D fea-
tures being intrinsic to the SN system and likely not coming
from the ISM.

3.3.1 Fitting procedure of the broad Si ii and Ca ii NIR
features

The Si ii 6355 Å and Ca ii NIR triplet features were fit us-
ing Gaussian profiles broadly following the method of e.g.,
Childress et al. (2013b); Maguire et al. (2014). The spectra

were rebinned to 1 Å resolution to increase the S/N and a
sigma clipping was applied to remove any residual narrow
skylines or other residual artefacts that were not corrected
in the reduction process to prevent such features from influ-
encing the fitting. The continuum was removed by selecting
regions on either side of the feature and removing with a lin-
ear fit as described for the narrow Na i D features. To investi-
gate the presence of high-velocity features in the Si ii 6355 Å
and Ca ii NIR triplet regions, we have fitted both features
under two conditions: i) the presence of only photospheric-
velocity components and ii) with the additional presence of
high-velocity components.

The photospheric components of the Si ii feature were
fit as a doublet with the relative strengths set assuming the
optically thick regime (Childress et al. 2013b; Maguire et al.
2014), with the full width half-maximum (FWHM) and ve-
locity offset constrained to be the same for both doublet fea-
tures. The high-velocity components of the Si ii were set up
in the same manner, with the high-velocity component val-
ues independent of the photospheric components. The same
procedure was used for the photospheric and high-velocity
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Table 4. Summarised fitting results for the Si ii 6355 Å feature. Means have been weighted using the relevant fitting uncertainties with

the uncertainties of these means obtained as the standard deviation of the results. A positive value of ∆ ¯BIC indicates a preference for
the inclusion of a high velocity feature based on statistical considerations alone.

No High Velocity component

Photospheric Component High Velocity Component

SN Min V (km s−1) FWHM (km s−1) pEQW (Å) Min V (km s−1) FWHM (km s−1) pEQW (Å) χ̄2 ∆ ¯BIC

SN 2017awz -11520 ± 50 4970 ± 60 31.0 ± 0.2 - - - 0.075 ± 0.003 *

SN 2017azw -11820 ± 110 6510 ± 70 69.6 ± 0.5 - - - 0.121 ± 0.015 *

SN 2017cbv -10370 ± 110 7450 ± 50 63.5 ± 0.2 - - - 0.097 ± 0.001 *

Mean -11320 ± 630 6370 ± 1020 53.1 ± 16.9 - - - 0.094 ± 0.019 -

With High Velocity component

Photospheric Component High Velocity Component

SN Min V (km s−1) FWHM (km s−1) pEQW (Å) Min V (km s−1) FWHM (km s−1) pEQW (Å) χ̄2 ∆ ¯BIC

SN 2016hvl -7950 ± 200 11950 ± 350 16.9 ± 0.2 -12450 ± 80 4100 ± 130 2.9 ± 0.2 0.100 ± 0.001 120 ± 50

SN 2016ipf -9740 ± 100 8030 ± 220 93.4 ± 3.2 -13340 ± 820 6350 ± 1270 15.8 ± 3.2 0.215 ± 0.027 100 ± 90
SN 2017hm -9720 ± 260 5830 ± 200 75.4 ± 7.2 -12410 ± 130 3280 ± 450 17.3 ± 7.2 0.052 ± 0.007 630 ± 80

SN 2017hn -10470 ± 120 4450 ± 60 49.6 ± 1.3 -12560 ± 120 2650 ± 120 16.6 ± 1.3 0.122 ± 0.006 330 ± 50

SN 2017yv -11470 ± 90 6930 ± 210 97.6 ± 3.1 -14290 ± 540 3730 ± 1070 10.9 ± 3.1 0.189 ± 0.073 280 ± 200
SN 2017bkc -11110 ± 80 6960 ± 100 94.6 ± 1.7 -14460 ± 100 3980 ± 170 19.9 ± 1.7 0.201 ± 0.016 400 ± 30

SN 2017ckq -9880 ± 190 5960 ± 120 76.2 ± 4.9 -12110 ± 70 2630 ± 410 8.9 ± 4.9 0.038 ± 0.006 680 ± 100

SN 2017ejb -9070 ± 170 7550 ± 60 88.1 ± 3.3 -11520 ± 110 3340 ± 240 15.2 ± 3.3 0.088 ± 0.030 760 ± 100
SN 2017fgc -13940 ± 140 9120 ± 100 118.6 ± 2.4 -18870 ± 120 5420 ± 120 32.5 ± 2.4 0.132 ± 0.004 940 ± 40

SN 2017fzw -12190 ± 120 8660 ± 90 123.4 ± 1.5 -17460 ± 110 5140 ± 70 48.6 ± 1.5 0.234 ± 0.008 1030 ± 40

SN 2017gah -12100 ± 190 10130 ± 260 141.6 ± 5.7 -15240 ± 820 6120 ± 1910 18.4 ± 5.7 1.744 ± 0.355 120 ± 100
SN 2017gvp -10680 ± 50 7100 ± 60 86.2 ± 0.7 -12520 ± 60 3420 ± 100 9.8 ± 0.7 0.082 ± 0.000 400 ± 60

Mean -10700 ± 1530 7080 ± 1950 66.7 ± 31.4 -13490 ± 2160 3770 ± 1290 8.7 ± 11.7 0.091 ± 0.466 520 ± 310

* No ∆ ¯BIC values are available for these objects as all fitting iterations when including a high-velocity feature were unsuccessful.

Table 5. Summarised fitting results for the Ca ii NIR triplet feature. Means have been weighted using the relevant fitting uncertainties
with the uncertainties of these means obtained as the standard deviation of the results. A positive value of ∆ ¯BIC indicates a preference

for the inclusion of a high velocity feature based on statistical considerations alone.

Photospheric Component High Velocity Component

SN Min V (km s−1) FWHM (km s−1) pEQW (Å) Min V (km s−1) FWHM (km s−1) pEQW (Å) χ̄2 ∆ ¯BIC

SN 2016ipf -9060 ± 40 7620 ± 40 86.4 ± 0.2 -17890 ± 40 5420 ± 40 31.8 ± 0.2 0.588 ± 0.003 560 ± 70
SN 2017hm -9730 ± 40 5470 ± 30 114.4 ± 0.1 -18580 ± 40 6140 ± 30 87.5 ± 0.1 0.609 ± 0.003 1500 ± 50

SN 2017hn∗ -10790 ± 110 4650 ± 40 114.2 ± 0.1 -18720 ± 110 5300 ± 40 58 ± 0.2 1.360 ± 0.006 1130 ± 50

SN 2017yv -10980 ± 40 6350 ± 40 126.7 ± 0.1 -17590 ± 40 5420 ± 40 33.6 ± 0.2 0.574 ± 0.004 490 ± 50
SN 2017awz -11360 ± 40 3180 ± 40 19.3 ± 0 -17460 ± 40 3690 ± 40 8.9 ± 0.1 0.107 ± 0.002 710 ± 70

SN 2017azw∗ -11230 ± 110 3090 ± 30 41.6 ± 0.6 -22060 ± 110 6300 ± 40 97.9 ± 0.1 1.582 ± 0.005 1120 ± 60

SN 2017bkc -10790 ± 40 7380 ± 40 152.4 ± 0.6 -15380 ± 40 5050 ± 40 60.3 ± 0.6 0.398 ± 0.003 310 ± 60
SN 2017cbv∗ -9360 ± 110 3960 ± 50 34.5 ± 0.3 -19370 ± 110 5420 ± 40 84 ± 0.2 0.480 ± 0.003 1440 ± 60

SN 2017ckq∗ -9690 ± 40 5030 ± 30 96.2 ± 0.1 -16730 ± 40 2810 ± 40 19.1 ± 0 0.552 ± 0.002 830 ± 50

SN 2017ejb∗ -8670 ± 110 7180 ± 40 137.7 ± 0.4 -13450 ± 110 4620 ± 30 118.4 ± 0.4 1.546 ± 0.008 580 ± 50
SN 2017fgc -12150 ± 110 6340 ± 40 102.6 ± 1.1 -18670 ± 110 7710 ± 50 168.4 ± 1.2 0.368 ± 0.009 850 ± 60

SN 2017fzw -10330 ± 110 6570 ± 40 123.5 ± 0.6 -17750 ± 110 7370 ± 40 184.3 ± 0.7 0.807 ± 0.016 1090 ± 60

SN 2017gah∗ -8560 ± 110 6090 ± 40 117.5 ± 0.3 -15790 ± 110 7140 ± 40 174.4 ± 0.4 1.125 ± 0.011 900 ± 60
SN 2017gvp -10120 ± 40 4970 ± 40 78.7 ± 0.1 -19860 ± 40 6120 ± 40 74.7 ± 0.1 0.462 ± 0.003 1540 ± 50

Mean -10210 ± 1040 5540 ± 1430 76.6 ± 38.6 -17730 ± 2020 5540 ± 1310 57.9 ± 55.5 0.621 ± 0.447 950 ± 370

∗ Residual pattern indicative of the presence of an additional feature

components of the Ca ii NIR triplet, with three linked fea-
tures for each component.

The weighted mean values of the relevant fit parameters
(velocity, FWHM and pEQW) were determined by varying
the position of the continuum selection region and refitting
5000 times, with the uncertainties given as the standard de-
viation of the successful fitting parameter values, combined
in quadrature with the redshift and spectral resolution un-
certainty for each object. In these fits, the absorption min-
ima velocity of the fitted high-velocity feature must exceed
that of the photospheric component by at least 1500 km s−1.
Based on the results of previous studies, we also make the
assumption that the photospheric component is dominant

and so the amplitude and width of the high-velocity compo-
nent must be less than those of the photospheric component.
Additionally the widths of both components must exceed
1000 km s−1 to disallow any fits where a narrow noise fea-
ture within spectrum has dominated the results. The Ca ii
NIR triplet spectral region is less clean than the Si ii 6355 Å
region, with a potential contribution from the O i 8446 Å
feature. We have performed tests including this potential
contribution but do not obtain reliable results. Therefore,
the O i 8446 Å feature is not included in our fitting. To
ensure consistency of results, the spectra forming the com-
bined dataset of Maguire et al. (2013) and Sternberg et al.
(2011) have also been fitted using this method where the
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Figure 9. Example Ca ii fits for a four SNe Ia. Top panels: Fitting the feature as being purely photospheric in origin. Bottom Panels:
Fitting with the inclusion of a high-velocity component. The fitting for all four objects prefer the inclusion of a high-velocity component.

However, the features of SNe 2017hn and 2017cbv retain residual patterns indicative of other contributing features e.g., O i that are not

accounted for even with the inclusion of the high velocity Ca ii.

necessary data are available. These results are presented in
Tables A1 and A2 for the Si ii and Ca ii NIR features, respec-
tively, for the Maguire et al. (2013) sample and in Tables A3
and A4 for Si ii and Ca ii NIR features, respectively, for the
Sternberg et al. (2011) sample.

3.3.2 Determination of the presence of high-velocity
components

The presence of a high-velocity Si ii feature is determined by
the comparison of the fits with and without a high-velocity
component using the Bayesian information criterion (BIC,
Schwarz 1978), where the inclusion of a high-velocity com-
ponent is strongly favoured if ∆ ¯BIC is > 10. Additionally,
the fitting of a high-velocity feature must be successful in at
least 500 iterations (at least 10 % of iterations) to prevent
the comparisons being unduly weighted by a small number
of outlying fits.

The results of the fits for the Si ii feature are shown in
Table 4, with example fits shown in Fig 8. Three SNe Ia
(SNe 2017awz, 2017azw, 2017cbv) in the sample do not re-
quire the inclusion of high-velocity Si ii component and are
well fit using a photospheric component alone. All remain-
ing objects satisfy the requirements for a high-velocity com-

ponent based on the BIC and on the number of successful
fitting iterations. In a similar manner, the presence of a high-
velocity Ca ii was also determined using the same constraints
on BIC and number of successful fitting iterations (Table 5).
Figure 9 showing example fits to several objects within the
sample. A Ca ii feature was not observed in SN 2016hvl,
likely due to its early phase (−8 d) and 91T-like classifica-
tion. All of the remaining 14 objects satisfy the selection
criteria and are thus identified as displaying high-velocity
Ca ii absorption.

4 RESULTS

The following section first outlines the results of the analysis
conducted of the broad SN features and the narrow Na i D
absorption features. It then describes the connection be-
tween the host galaxy properties and the Na i D features, as
well as quantifying the observed excess of blueshifted Na i D
absorption features. Following this, results of comparisons
between the light curve properties and Si ii features to the
classification of Na i D features are described, before explor-
ing similar comparisons with the properties of the Ca ii fea-
ture.
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Figure 10. Distribution plots for the measured full feature
Na i D2 pEQWs. Those objects showing no Na i D absorption fea-

tures are not included. We find no statistical difference in the

pEQW of the blueshifted only and non-blueshift sub-samples.

4.1 Broad SN features and the presence of
high-velocity components

Fitting of the broad Si ii 6635 Å features found that three
of the 15 objects (20 %) in the new sample were well de-
scribed using a purely photospheric feature, with the rest
being better fit with the inclusion of a high-velocity compo-
nent (Table 4). The mean photospheric components (veloc-
ity, pEQW, FHWM) of the sub-sample with and without a
high-velocity are found to be consistent within the uncer-
tainties. The fitting of the broad Ca ii NIR triplet absorp-
tion feature was found to heavily favour the inclusion of a
high-velocity feature, with all 14 objects for which it was
possible to fit the Ca ii NIR triplet region found to be better
described with the inclusion of a high-velocity component.
The values measured for the fits are given in Table 5. The
velocities measured for the Si ii and Ca ii photospheric com-
ponents are found to be consistent within the uncertainties.
However, values given in Table 5 show that the high-velocity
components of the Si ii features are narrower and lower ve-
locity than those measured for the Ca ii NIR triplet.

4.2 Na i D equivalent widths

As outlined in Section 3.1.2, measurements of the strength
for the Na i D features have been made, using the stronger
of the two lines (Na i D2) as a proxy for overall strength.
Previous studies have suggested that those SNe Ia showing
blueshifted Na i D absorption have a tendency to display
stronger overall Na i D absorption features (higher pEQW)
compared to the rest of the population (Phillips et al. 2013).

When those SNe Ia showing ‘no absorption’ and the
‘blue and redshifted’ absorption are removed from the com-
parison in the full sample, the remaining objects (i.e. those

showing ‘only blueshifted’ or ‘non blueshifted’ Na i D ab-
sorption) are well described by a single pEQW distribu-
tion. Whilst the median values for the blueshifted and non-
blueshifted groups are rather different (0.64 and 0.24 respec-
tively), the corresponding mean values are found to be con-
sistent at 0.46 ± 0.34 Å and 0.40 ± 0.39 Å respectively, addi-
tionally a K-S test indicates that the two groups are drawn
from the same overall population (K-S statistic: 0.333, p-
value: 0.657). We note that the non-blueshifted Na i D sub-
sample is small with only six objects but we do not identify
any clear difference between them. This result is shown in
Figure 10. As would be expected, this plot also shows that
objects showing blue and redshifted Na i D absorption tend
to have stronger overall absorption features, which is unsur-
prising since these objects have multiple absorption compo-
nents. The pEQWs of the blueshifted components of objects
with both blue and redshifted Na i D absorption features are
of comparable strength to those of objects showing purely
blueshifted Na i D absorption.

4.3 Host galaxy distribution and connection to
narrow Na i D absorption features

Previous studies have shown that SNe Ia with late-type host
galaxies (spiral galaxies) typically have brighter absolute
magnitudes and broader light curves (larger ‘stretch’ values),
compared to those hosted by early-type galaxies (elliptical
and lenticular galaxies), which have been seen to host in-
trinsically fainter and faster evolving events (Hamuy et al.
1995, 1996, 2000; Riess et al. 1999). It has also been ob-
served that SNe Ia occurring in late-type galaxies have a
higher incidence of blueshifted Na i D absorption features
compared to those in early-type galaxies which are more
likely to show no Na i D absorption features (Sternberg et al.
2011; Maguire et al. 2013). The sample of new SNe Ia in this
work confirms this previously observed trend with all six of
the SNe with blueshifted Na i D absorption features asso-
ciated with late-type spiral hosts, compared to just two of
the SNe Ia showing no or non-blueshifted Na i D absorption
features (left panel of Figure 11). The full combined sample
of objects also shows a similar distribution (right panel of
Fig 11).

Figure 12 provides a comparison between the
blueshifted Na i D EQW and the measured host stellar
masses of the full sample. Given the reduced number of ob-
jects with available host mass estimates, no clear distinctions
between the different sub-samples based on Na i D EQW can
be identified, with the log mean host stellar masses of the
sub-samples being consistent, 9.93 ± 0.59 M� (‘blue and red-
shifted’), 10.29 ± 0.13 M� (‘blueshifted only’), 10.36 ± 0.94
M� (‘no absorption’), with a mean of 10.31 ± 0.72 M� for
the full sample.

4.4 Observed excess of blueshifted Na i D features

As previously described, for Na i D features produced by
absorbing material within the host galaxy of the SN but
not related to the SN itself, it would be expected that an
equal number of SNe would display unrelated blueshifted
and redshifted Na i D absorption features, as there is no
physical reason why material along the same line of sight
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Figure 11. Left panel: Host galaxy morphological distribution of the new SNe Ia sample discussed in this work. Objects have been

divided based on the classification of the Na i D feature. Right panel: Host galaxy distribution of the combined SNe Ia sample.
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Figure 12. Blueshifted Na i D EQW against host stellar mass.

Overall sample mean mass (10.31±0.71) is indicated by the dashed
vertical line. The three lowest mass and the highest mass hosts

are labelled. The morphological types are also listed in the legend,
along with the Na i D classifications.

would have a location bias in front (producing blueshifted
features) or behind (producing redshifted features) of a par-
ticular SN (but see Hoang 2017). However, previous stud-
ies (Sternberg et al. 2011; Maguire et al. 2013) have identi-
fied an excess of blueshifted compared to redshifted Na i D
components in SN Ia samples. Using our new sample of
15 SNe Ia, we have calculated the percentage excess of
blueshifted Na i D features (%EB) using,

%EB =
(

B − R
B + R + N + S

)
× 100 (1)

Table 6. Summary of the Na i D feature classifications of the

SN Ia samples and the corresponding %EB values.

Number of Events

Na I D Classification This Work’s Sample Combined Sample

Blueshifted only 4 14

Redshifted only 1 5
Symmetric 0 1

No Absorption 8 18

Total Included 13 38

%EBa 23 24

Excluded

Blue and Redshifted 2 9

Full Object Total 15 47

a The calculation used to determine the percentage excess of

blueshifted Na i D features observed is detailed in Section 4.4.

where B and R are the numbers of events showing exclusively
blue and redshifted features respectively, N is the number
of events with no observed Na i D absorption features, and
S represents the objects displaying a symmetric absorption
profile around 0 km s−1. This is similar to the method of
Maguire et al. (2013) but for this calculation, any object
that displays a combination of red and blueshifted features
was excluded given that identifying the source of these fea-
tures is problematic. Maguire et al. (2013) excluded such
events from the counts of events showing red or blueshifted
features but not from the total number of objects. This ex-
clusion fully removes objects that may have narrow Na i D
absorption features from different sources (e.g., CSM and
host galaxy ISM contamination), which could affect the sta-
tistical calculations.

For the new sample of SNe Ia in this work, %EB is found
to be 23 %, while the full sample has an %EB value of 24 %.
A summary of the classifications of the objects included in
the new and full samples is given Table 6. If the proba-
bility of a given SN displaying blue- or red-shifted Na i D
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Table 7. Summary of the Na i D feature classifications of the
combined SNe Ia sample sub-divided by host galaxy classification

and the corresponding %EB values.

Number of Events

Na I D Classification Early-Type Only Late-Type Only

Blueshifted only 0 14

Redshifted only 1 4

Symmetric 0 1
No Absorption 12 2

Total Included 13 21

%EBa -8 48

Excluded

Blue and Redshifted 0 9

Full Object Total 13 30

features is taken to be equal, as would be expected through
purely line-of-sight/host-galaxy contamination, the cumula-
tive binomial probability of observing at least 14 events with
blueshifted only Na i D features compared to five showing
purely redshifted Na i D features is approximately 3.1 per
cent.

It is expected that SNe in late-type galaxies show Na i D
absorption features more commonly as a consequence of
their more gas rich host environments relative to early-type
galaxies (with the specifics dependent on the specific local
environment of each SN) resulting in additional contamina-
tion from unrelated material on coincidental lines of sight
to the SN. There is, however, no environmental process that
should favour the generation of blue or redshifted features
relative to the SN rest frame. To explore this further, %EB
was also calculated separately for those objects with hosts
classified as early-type (E and S0) and those with late-type
(S), with those hosted by dwarf or irregular galaxies be-
ing excluded. Like the previous calculations, objects showing
both red and blueshifted features are also excluded. A clear
difference between the observed %EB in early- and late-type
galaxies is seen (Table 7). For early-type galaxies, the neg-
ative %EB (−8 per cent) indicates that fewer objects with
blueshifted Na i D features have been observed than would
be expected from an even split in distribution. This nega-
tive value is likely a result of the small sample size since
there are no known processes that favour an overproduction
of redshifted narrow Na i D absorption. Indeed this value is
produced by the one detection of a purely redshifted feature
in SN 2008fp, further highlighting that early-type galaxies
with no absorption features (12 of 13 in this sample) ap-
pear to be the norm. In contrast, the %EB calculated for the
SNe Ia in late-type galaxies shows a strong excess of observed
blueshifted features (48 per cent). A corresponding increase
in SNe Ia with redshifted Na i D features is not seen in the
late-type host galaxies, as would be expected from isolated
ISM contributions alone. The cumulative binomial probabil-
ity of obtaining this distribution through random chance is
approximately 1.5 per cent.

4.5 Light curve properties and Si ii velocities
compared to Na i D absorption shifts

In this section, we investigate the connection between light
curve width and B-V colour at maximum and the Na i D ab-
sorption classifications. The stretch distribution of this new
sample alone and the full sample are shown in the left and
right panels of Figure 13, respectively. A K-S test was con-
ducted on the full sample, comparing the measured stretch
values of the SNe showing any blueshifted Na i D component
to those showing non-blueshifted or no such features, with
the resulting K-S statistic of 0.393 and a p-value of 0.047 in-
dicating that there is a statistically significant difference be-
tween the two groups. This is in agreement with the results
of Foley et al. (2012) and Maguire et al. (2013) where it was
observed that SNe Ia showing no Na i D absorption features
have faster evolving light curves (lower stretch values) than
those showing any Na i D absorption. When the light curve
stretch values of the full sample are divided into four cor-
responding to their Na i D classification, the weighted mean
stretch values are measured to be 1.02 ± 0.11, 1.03 ± 0.08,
1.06 ± 0.05 and 0.86 ± 0.20 for blueshifted only, blue and red-
shifted, non-blueshifted, and no Na i D absorption, respec-
tively. The average light curve stretch value for those SNe Ia
showing no Na i D absorption features is smaller than the
other classifications but they are all marginally consistent
within the uncertainties. In agreement with Maguire et al.
(2013), we do not identify any relation between the strength
(as described by the pEQW) of the blueshifted Na i D ab-
sorption feature of a given SN and its light curve stretch.

The relationship between light curve width and Na i D
absorption classification is associated with the host distribu-
tion of the SNe Ia within these samples, as those SNe with no
Na i D absorption features largely occur in early-type galax-
ies, which as discussed in Section 4.3 are known to host less
luminous and faster evolving SNe Ia. Two of the four SNe Ia
with broad light curves (stretch values exceeding one) and
showing no Na i D absorption (LSQ12dbr and PTF12jgb)
occurred within irregular galaxies (that can have histories
of recent star formation), with a third (SN 2017hn) hosted
by an S0 galaxy, highlighting that the true relationship is
more than a simple early/late-type host galaxy split.

Previous studies have identified a relation between B-V
colour at maximum light and the strength of any blueshifted
Na i D absorption features (Foley et al. 2012; Maguire et al.
2013). A similar investigation of the full sample has been
conducted here (Figure 14) though we fit the those ob-
jects showing purely blueshifted Na i D absorption sepa-
rately from those showing both blue and redshifted Na i D
absorption. This analysis reveals the previously found result
that SNe Ia with stronger blueshifted Na i D absorption fea-
tures (higher pEQWs) display larger B-V values (i.e., redder
colours) is present only for objects showing purely blushifted
Na i D absorption with no such trend observed for objects
displaying blue and redshifted absorption. The fitted rela-
tion between B-V colour at maximum and the pEQW of
the blueshifted Na i D2 Na i D for those objects classified
as showing ‘blueshifted’ Na i D absorption retrieves the cor-
relation at 5.2-σ significance (provided by the ODR fitting
routine). We discuss the possible origin of this correlation
further in Section 5.3.

We also explored if there was a correlation between the
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Figure 13. Left panel: Stretch distribution plot of the new SNe Ia sample discussed in this work. Right panel: Stretch distribution plot
of the ‘full’ SNe Ia sample. The sample is divided based on the properties of their narrow Na i D features.

measured velocity of the Si ii features and Na i D pEQW.
The full sample confirms the result of Maguire et al. (2013)
that no such correlation is observed for either the photo-
spheric or high velocity (where present) Si ii features.

4.6 Ca ii absorption properties compared to
Na i D absorption, light curve ‘stretch’ and
SN colour

Previous studies (e.g., Mazzali et al. 2005; Childress et al.
2013a; Maguire et al. 2014), have shown that high-velocity
components of the Ca ii NIR absorption features of SNe Ia
obtained near the time of maximum light are very com-
mon. There are previous suggestions that they could be
due to CSM (Gerardy et al. 2004; Mazzali et al. 2005;
Quimby et al. 2006; Tanaka et al. 2008) or may be intrin-
sic to the SN itself (Branch et al. 2006; Blondin et al. 2012).
Here we have found that 14 of the 15 objects for which we
could obtain measurements display such features (93 per
cent). The non-detection in one event (SN 2016hvl) is likely
due to a combination of its early phase (∼ 8 d prior to
maximum light) along with its classification as a 91T-like
event, which typically show weaker absorption features from
intermediate-mass elements. As the high-velocity Ca ii ab-
sorption features are so common, it is impossible to link the
simple occurrence of such features to the properties of any
Na i D absorption features, blueshifted or otherwise. There-
fore, to examine any potential link between the strength of
blueshifted Na i D absorption and high velocity Ca ii fea-
tures, the detailed properties of the Ca ii features must be
examined.

Following the method of Childress et al. (2013a), the
strength of the Ca ii high velocity features is characterised
though the ratio of the pEQWs of the high- to photospheric-
velocity components (Ca ii RHVF), with objects having a
ratio exceeding one defined as those showing ‘strong’ high
velocity Ca ii. In the interpretation that high-velocity Ca ii
features come from the same CSM that may be responsible
for the blueshifted narrow Na i D features, then a connec-
tion between the Ca ii RHVF around peak and the pEQW
of the blueshifted narrow Na i D features should be seen,

with SNe Ia with the strongest high velocity Ca ii features
also showing the highest blueshifted Na i D2 pEQWs. We
show this comparison for our full sample in the upper left
panel of Figure 15 but identify no trend between the strength
of narrow blueshifted Na i D absorption and the strength
of the Ca ii RHVF, with those SNe Ia classified as showing
blueshifted Na i D2 absorption features having a wide range
of Ca ii RHVF. There are also a number of SNe Ia in the
sample with no Na i D absorption that display Ca ii RHVF

values about one, which is difficult to explain in scenario
where both of these probes suggest interaction with CSM.

We have also investigated any potential link between the
Ca ii RHVF and the light curve stretch, B-V colour at max-
imum, and the stellar mass of the host galaxy for the sam-
ple. Previous studies (Childress et al. 2013a; Maguire et al.
2013) identified a relation between light curve width and
Ca ii RHVF ratio, with SNe Ia with high Ca ii RHVF ratios
also having broader light curves. We do not see this trend for
our sample, with a significant fraction of SNe Ia with high
Ca ii RHVF ratios having narrow light curves (upper right
panel of Figure 15). There is a preference for SNe Ia with
blueshifted Na i D to have broad light curves than the rest
of the sample but as discussed in Section 4.3, this may be
driven by the preference for SNe Ia with blueshifted Na i D
features for late-type host galaxies, which produce more
SNe Ia with broad light curves. Similarly to Childress et al.
(2013a), we do not observe a correlation between Ca ii RHVF

ratio and B-V colour at maximum (bottom left panel of Fig-
ure 15). Pan et al. (2014) identified that SNe Ia with high
Ca ii RHVF ratios are preferentially found in low-mass galax-
ies. Our sample size is small so we can not draw any strong
conclusion from our data on this connection (bottom right
panel of Figure 15).

5 DISCUSSION

In this paper, we have presented a new sample of 15 SNe Ia
with medium-resolution X-shooter spectra, where the prop-
erties of narrow Na i D features were studied. We have in-
vestigated the connection between the presence of narrow
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Figure 14. B-V colour against the blueshifted Na i D2 pEQW for the full sample. Top left panel: Objects displaying purely blueshifted
Na i D absorption the ODR line of best fit to these points (excluding the extreme outlier SN 2006X) is also shown (solid blue line). Top

right panel: Objects displaying blue and redshifted Na i D absorption the ODR line of best fit to these points excluding the extreme

outlier SN 2006cm which like SN 2006X is known to be highly reddened) is also shown (solid purple line) - no trend is identified. Bottom
panel: Objects showing no, or non blueshifted Na i D absorption. In all panels the dashed black lines mark the position of zero B-V

colour and zero blueshifted Na i D absorption.

Na i D features, broad SN spectral features (in particular
high-velocity features), light curve properties, and the host
galaxy stellar mass in a full sample of 47 SNe Ia (including
literature events). Now, we further discuss the implications
of these results for our understanding of SNe Ia and their
progenitors.

5.1 Confirmation of an excess of blueshifted
Na i D in late-type hosts

The statistical analysis of Na i D absorption shows a strong
preference for displaying the feature blueshifted, with an ex-
cess of 23 per cent in the new sample and an overall 24
per cent excess in the full sample. These values are con-
sistent with previous results of a lower limit of ∼20 per
cent in spiral hosts showing an excess (Sternberg et al. 2011;
Maguire et al. 2013). As was also seen in these previous
studies, the SNe Ia displaying these blueshifted features are
strongly concentrated in late-type host galaxies (Figs. 11 and
12). Late-type galaxies in general contain more gas and dust
than early-type galaxies (e.g., Galliano et al. 2018), thus it
is expected that more SNe occurring within late-type galax-
ies would have spectra showing Na i D absorption features
(both blue and redshifted relative to the zero velocity posi-
tion of the SN). As such, a population of SNe Ia occurring
within late-type galaxies would be expected to show more
narrow absorption features than a population of SNe located
in early-type galaxies, even if the properties of the underly-
ing SNe were obtained from the same distribution. However,
there is no reason for such a population to have a preference
for blueshifted over redshifted Na i D features.

We have found that the small sample of SNe Ia hosted
by irregular or dwarf galaxies (four events) showed no Na i D

absorption features. Irregular galaxies tend to have young
stellar populations and display star formation rates com-
parable to, though with a greater variance, than late-type
galaxies, as well as having higher dust contents (Hunter
1997; Hunter et al. 2006). While the sample is small, the
apparent difference in the Na i D absorption behaviour of
these objects warrants additional study to determine if it is
significant and its origin. One difference between these pop-
ulations would be the lower metallicities of irregular/dwarf
galaxies compared to spiral galaxies (Grebel 2004), although
why this would result in different Na i D strengths is unclear.

We have confirmed the previous result of Foley et al.
(2012) and Maguire et al. (2012) that SNe Ia with broader
light curves are also more likely to display Na i D than
those with narrower light curves (Figure 13). There is a
well-known trend that late-type galaxies preferentially host
brighter (broader light curve) SNe Ia (e.g., Sullivan et al.
2010) so the result that both the galaxy type and the SN
light-curve width correlate with the presence of blueshifted
Na i D is unsurprising. However, it is unclear what is the
driving force behind this correlation. Is it that brighter
SNe Ia with broader light curves that occur in late-time
hosts intrinsically show preferentially blueshifted Na i D ab-
sorption or is this an age or metallicity effect? Do SNe Ia
in spiral galaxies have a different progenitor population to
those in early-type host galaxies?

5.2 Lack of a link between blueshifted Na i D and
high-velocity Ca ii features

In the previous section, we discussed how SNe Ia with
blueshifted Na i D have broader light curves but this may
be driven by their preference for late-type host galaxies and
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Figure 15. In all panels, the dashed horizontal line indicates the divide between those objects showing strong HV Ca ii (>1) and the
remainder of the sample. The sample is broken down into the original source and type of Na i D shift as shown in the legend. Upper left

panel: Comparison between the Ca ii RHVF ratio and Na i D2 pEQW measurements for our full sample. The dashed vertical line at Na i D
absorption strength of zero is present to guide the eye. Upper right panel: Comparison between the Ca ii RHVF ratio and light curve
stretch. The dashed vertical line at stretch = 1 is present to guide the eye. Lower left panel: Comparison between the Ca ii RHVF ratio

and SN B-V colour at maximum. The dashed vertical line at B-V = 0 loosely divides the sample into blue and red objects. Lower right

panel: Comparison between the Ca ii RHVF ratio and the measured total host galaxy mass of each object where available. The dashed
vertical line in this panel marks the mean mass of the sample.

their differing environments. One of the main aims of this
study was to investigate, for the first time, if there is a con-
nection between the presence of broad high-velocity Ca ii
features in SNe Ia and the presence of narrow blueshifted
Na i D features. As previously discussed, high-velocity Ca ii
features are ubiquitous in SNe Ia and we confirm this here
finding that the vast majority of the sample require a high-
velocity Ca ii component. We also identify high-velocity Si ii
features in 12 SNe Ia in our sample, although these features
are not clearly ‘detached’ from the photospheric component.

The reason that high-velocity features are interesting to in-
vestigate in connection with blueshifted Na i D features is
that there are suggestions that the high-velocity Ca ii fea-
tures may be at least partially due to ejecta-CSM interaction
(e.g., Mazzali et al. 2005; Tanaka et al. 2006). Therefore, if
a link between these quantities was identified, it would pro-
vide evidence that blueshifted Na i D features are due to
CSM also rather than contamination. We remind the reader
that the two probes do explore different distances from the
SN, with Ca ii originating at significantly shorter distances
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than Na i D. However, when we examine the strength of
the high-velocity Ca ii components (parameterised through
the Ca ii RHVF of Childress et al. 2013a) compared to the
blueshifted Na i D2 pEQW (15), we do not identify any clear
trend between them. In particular, we also find that a num-
ber of SNe Ia with no Na i D absorption at all have very
high Ca ii RHVF values, which is difficult to interpret in the
context of a common CSM origin for both strong blueshifted
Na i D features and strong high-velocity Ca ii components,
as with this interpretation of their origin a strong signature
would be expected in both probes rather than singularly.
We also find no correlation between the pEQW of the high-
velocity Ca ii features and the pEQW of the blue-shifted
Na i D features.

Since we do not identify a link between the Na i D fea-
tures and the strength of high-velocity Ca ii features, this
suggests that either one (or both) of these measurements
are unrelated to CSM. Alternatively, these features may ex-
plore different regions of CSM, with Na i D absorption pro-
duced at much larger distances (1016 – 1017 cm) from the
SN (e.g., Patat et al. 2007) than the CSM potentially probed
through strong high-velocity Ca ii absorption at < 1015 cm
(Gerardy et al. 2004; Mulligan & Wheeler 2018). An alter-
native scenario that has been suggested for the high-velocity
Ca ii components is that they are due to a density or abun-
dance enhancement in the SN ejecta (Branch et al. 2006;
Blondin et al. 2012) and thus have no connection to the pres-
ence of CSM.

5.3 Can the excess of blueshifted Na i D be
explained by CSM?

We have identified a clear excess of blueshifted over red-
shifted Na i D absorption features in both our new sam-
ple (33 per cent) and our full sample (24 per cent). Previ-
ous studies that have investigated these features have sug-
gested that the most probable scenario to produce them
is from CSM in the immediate vicinity of the SN (e.g.,
Sternberg et al. 2011; Maguire et al. 2012; Phillips et al.
2013). This conclusion was based on the original result
of Patat et al. (2007), where time-varying Na i D features
were observed in SN 2006X and were suggested to be
due to changes in the ionisation field of the CSM caused
by the SN radiation. This material was estimated to be
located at a radius of ∼ 1016 cm from the SN. Other
SNe Ia were subsequently identified with these time-varying
Na i D features and were also suggested to be due to
CSM, most likely related to explosion scenarios involv-
ing non-degenerate companion stars (Simon et al. 2009;
Blondin et al. 2009; Stritzinger et al. 2010; Sternberg et al.
2014). There are also models of double-degenerate systems
that could eject material several thousand years prior to the
explosion that interacts with the ISM, and also could poten-
tially produce similar Na i D profiles (e.g., Raskin & Kasen
2013; Shen et al. 2013). However, it is likely that significant
fine-tuning of double-degenerate models would be required
to produce such material ejections in a large percentage of
SNe Ia, as well as the host galaxy dependence of SNe Ia
showing blueshifted Na i D absorption features towards late-
time host galaxies being less easy to explain with this sce-
nario. Double degenerate scenarios not having a strong pref-
erence for a particular stellar population compared to single

degenerate models that require the younger stellar popula-
tions observed in late type galaxies.

In this study, we have investigated a number of SN Ia
properties directly to see if the presence of blueshifted Na i D
features are intrinsically linked to SNe Ia explosions. As dis-
cussed in Sections 5.1 and 5.2, there is a preference for the
presence of Na i D in late-type host galaxies, which also
results in a correlation with light-curve stretch, although
the driving force behind these correlations is not well un-
derstood. We also observe the presence of the previously
identified relation that SNe Ia with redder B-V colours at
maximum have have stronger Na i D features, though we ob-
serve this trend only in objects showing purely blueshifted
absorption, with objects showing both blue and redshifted
absorption found to have consistent B-V colours regardless
of the strength of their blueshifted Na i D component. How-
ever, Phillips et al. (2013) showed that this is most likely
driven by gas in the ISM and not due to CSM.

Related to the above, Phillips et al. (2013) investigated
the connection between the Na i D column densities seen
in SNe Ia and extinction measured from the SN colours,
finding that those with stronger Na i D column densities,
compared to the standard Milky Way-derived extinction re-
lation, have preferentially blueshifted Na i D features and
hence may have an origin in the CSM. However, there was
not a clear correlation with some SNe Ia with identified time-
varying Na i D not following the expected relation, suggest-
ing that the situation is more complicated than previously
thought and that strong blueshifted Na i D features may be
produced in some way other than through CSM (under the
assumption that time-varying Na i D are produced by CSM
interaction).

The low RV values seen in some SNe Ia have been at-
tributed to multiple scatterings in CSM at typical radii (1016

– 1019 cm) (Wang 2005; Patat et al. 2006; Goobar 2008;
Amanullah & Goobar 2011), while some more recent studies
have investigated the presence of blueshifted Na i D features
in the context of an origin in the ISM at 1016 - 1020 cm (e.g
Bulla et al. 2018a,b).

These ISM-origin models are based on cloud-cloud col-
lisions produced by SN radiation interacting with clouds in
the ISM in the vicinity of the SN at ∼ 1018 cm (Hoang et al.
2019). This mechanism would reduce the dust grain sizes
(that would explain the lower Rv) and could accelerate the
clouds towards the observer (that would explain the pref-
erence for blueshifted Na i D features). This scenario, how-
ever, requires the IS cloud to be relatively close to the SN (.
1 pc, see Figure 6 of Giang et al. 2020) in order to explain
the low Rv values and blueshifted Na i D features observed
already at early phases (pre-maximum). An acceleration of
the blueshifted material with time would also be expected
though has not been observed in SNe Ia, with blueshifted
Na i D features having been observed to evolve in inten-
sity but not in velocity. Newer models (Hoang 2021) suggest
that interaction with SN radiation is not needed at all and
these small dust grains could be produced by the ISM ra-
diation alone before the SN explosion, which would resolve
the timescale issue above. There are, however, some remain-
ing issues with this model, including the lack of observations
for similar polarisation laws in the Milky Way as observed
for SNe Ia (Cikota et al. 2018) and a lack of quantitative
estimates of the velocities expected for the gas (and not
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Figure 16. Top panel: Na i D pEQW absorption strength against

the absorption minima velocity of the strongest component fea-
ture. In the case of ‘blue and redshifted’ objects, pEQW and the

absorption minima velocities is measured in two regions (-200 –
0 km s−1 and 0 – 200 km s−1) joined by connecting lines for the

same object. SNe with other absorption classifications are mea-

sured across the full feature. Those objects showing no absorp-
tion features have been excluded. Objects originally presented in

Sternberg et al. (2011) are not included due to differences in the

velocity calibration methodology. Bottom panel: The same data
presented as a histogram to highlight the differences in distribu-

tion between Na i D absorption classification.

the dust grains) within the ISM that would give rise to the
blueshifted Na i D features. These newer ISM only models
also fail to explain why we see the clear excess in blueshifted
over redshifted Na i D features that is once again seen to be
statistically significant in both our new and full samples of
now 47 SNe Ia with the requisite intermediate-resolution
spectroscopy around maximum light.

Additionally, there appears to be tentative evidence of
a possible distinction in the absorption minimum velocities
of the Na i D features between the sub-classifications of ab-
sorption feature. With the minima of purely blueshifted ab-
sorption features, and the blueshifted components of those
objects showing both blue and redshifted absorption, mea-
sured to be at higher relative velocities (Mean value: -
51±62 km s−1) compared to the absorption minima of red-
shifted absorption features as shown in Figure 16 (Mean
value: 22±12 km s−1). The small number of objects makes
drawing firm conclusions based on this difficult but could
potentially be explained by a combination of a symmetric
population around 0 km s−1 produced by distant ISM with
an additional population at higher, bluer relative velocities
produced by CSM or close-by ISM.

6 CONCLUSIONS

This work has explored a new sample of moderate-resolution
spectra of 15 SNe Ia obtained near maximum light to in-
vestigate the potential link between the properties of nar-
row Na i D absorption features and high-velocity Ca ii NIR
triplet absorption features, with the goal of constraining the
progenitor scenarios of SNe Ia more firmly. Our main con-
clusions are:

(i) we confirmed a %EB of 23 per cent blueshifted over
redshifted Na i D features in a new sample of maximum-
light SN Ia intermediate-resolution spectra, in agreement
with previous studies,

(ii) we found that this excess was even stronger (48 per
cent) in a full sample of 47 SNe Ia (including literature ob-
jects) when only spiral/late-type host galaxies were consid-
ered,

(iii) we did not identify a trend between the presence or
strength of high-velocity Ca ii features seen in the majority
of SNe Ia around maximum light and the presence of narrow
blueshifted Na i D features,

(iv) we observed that the previous identified correlation
that stronger blueshifted Na i D features are seen in SNe Ia
displaying redder B-V colours at maximum light is present
only for those objects displaying purely blueshifted absorp-
tion. No trend is observed for objects with blue and red-
shifted Na i D absorption,

(v) we have identified a tentative relation that the ve-
locity distribution of the narrow blueshifted Na i D fea-
tures may extend to higher velocities than that of the non-
blueshifted Na i D sample

(vi) we found that SNe Ia in irregular galaxies do not
show Na i D absorption at odds with their likely underlying
stellar populations (although the sample size is very small)

The lack of a link between the properties of the nar-
row Na i D features and the high-velocity Ca ii components
around maximum light in SNe Ia suggests either that one or
both of these probes is not due to CSM as has previously
been suggested or the presence of CSM around Type Ia SNe
cannot be linked across the range of distances explored by
the two probes. However, the confirmation of a clear excess
of blueshifted over redshifted Na i D absorption features in
our new sample, and the full combined literature sample,
cannot easily be explained through ISM interpretations of
the Na i D feature that do not involve an impact of the SN
progenitor system or ejecta on these features. Further the-
oretical modelling is required to provide new scenarios to
explain these results, most likely either in the context of
close-in ISM or CSM.
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APPENDIX A: LITERATURE OBJECTS: BROAD FEATURE FITTING RESULTS

For objects identified as not displaying a high velocity feature in their spectrum the ‘Fitting Notes’ column of the following
tables details the first criterion each spectrum failed to meet. These criteria are described in more detail in Section 3.3.2 but
are outlined here for clarity:

(i) The fitting of a high velocity feature must be successful in at least 10% of iterations.
(ii) The inclusion of a high velocity feature must be strongly favoured by the BIC indicated by a ∆ ¯BIC value >10.

This paper has been typeset from a TEX/LATEX file prepared by the author.

Table A1. Summarised fitting results for the Si ii 6355 Å feature for the objects first described in Maguire et al. (2013). Means have

been weighted using the relevant fitting uncertainties with the uncertainties of these means obtained as the standard deviation of the
results. A positive value of ∆ ¯BIC indicates a preference for the inclusion of a high velocity feature based on statistical considerations

alone.

No High Velocity component

Photospheric Component High Velocity Component

SN Min V (km s−1) FWHM (km s−1) pEQW (Å) Min V (km s−1) FWHM (km s−1) pEQW (Å) χ̄2 ∆ ¯BIC Fitting Notes
LSQ12fxd -11150 ± 50 6830 ± 100 74.7 ± 1 - - - 0.251 ± 0.017 * (1), (i)
PTF12iiq -18980 ± 220 10640 ± 880 58.4 ± 5.7 - - - 2.973 ± 0.626 -10 ± 140 (1), (ii)
SN 2012hd -10070 ± 180 7510 ± 180 31.0 ± 0.0 - - - 0.119 ± 0.001 90 ± 30 (1), (i)
SN 2013U -9980 ± 50 7910 ± 70 56.3 ± 0.5 - - - 0.527 ± 0.005 -40 ± 40 (ii)
SN 2013aj -11060 ± 50 7750 ± 50 118.1 ± 0.1 - - - 0.113 ± 0.005 * (i)

Mean -11250 ± 3400 7650 ± 1310 55.6 ± 28.8 - - - 0.192 ± 1.098 0 ± 40

With High Velocity component

Photospheric Component High Velocity Component

SN Min V (km s−1) FWHM (km s−1) pEQW (Å) Min V (km s−1) FWHM (km s−1) pEQW (Å) χ̄2 ∆ ¯BIC Fitting Notes
LSQ12dbr -11120 ± 400 6140 ± 150 64.9 ± 8.5 -13320 ± 140 3020 ± 480 10.5 ± 8.5 0.130 ± 0.019 290 ± 70
LSQ12fuk -9690 ± 50 6180 ± 60 83.3 ± 0.1 -12610 ± 50 3070 ± 70 8.6 ± 0.1 0.074 ± 0.001 260 ± 50
LSQ12gdj -10910 ± 280 5420 ± 250 10.3 ± 0.8 -12590 ± 210 2340 ± 390 1.2 ± 0.8 0.006 ± 0.001 60 ± 20 (1)
LSQ12hzj -8230 ± 380 6890 ± 160 51.7 ± 5.4 -10440 ± 110 4320 ± 360 25.1 ± 5.4 0.145 ± 0.012 340 ± 50
PTF12jgb -8950 ± 400 5410 ± 370 43.4 ± 8.2 -11900 ± 200 4120 ± 490 23.2 ± 8.2 0.037 ± 0.002 230 ± 80 (1)
SN 2012cg -9710 ± 120 6710 ± 70 50.9 ± 3.1 -11650 ± 120 4660 ± 220 24.2 ± 3.1 0.041 ± 0.001 410 ± 50
SN 2012fw -10280 ± 430 6030 ± 300 11.1 ± 1.9 -12160 ± 360 3510 ± 700 2.6 ± 1.9 0.015 ± 0.001 50 ± 20 (1)
SN 2012hr -12470 ± 90 8390 ± 100 74.1 ± 0.6 -16350 ± 200 3270 ± 370 5.7 ± 0.6 0.114 ± 0.025 260 ± 40 (1)
SN 2012ht -9940 ± 60 6660 ± 70 76.8 ± 1.3 -13310 ± 50 4890 ± 80 33.8 ± 1.3 0.045 ± 0.002 600 ± 50
SN 2013aa -9750 ± 360 5650 ± 250 77.4 ± 10.5 -12220 ± 190 2780 ± 640 16.2 ± 10.5 0.106 ± 0.014 480 ± 100

Mean -10250 ± 1120 6570 ± 840 69 ± 25.1 -12650 ± 1460 3810 ± 810 9.7 ± 10.5 0.034 ± 0.047 220 ± 160

* No ∆ ¯BIC is available for these objects as all fitting iterations when including a high velocity feature were considered to be unsuccessful

(1) Values measured from a lower resolution, non X-shooter spectrum
Roman numerals denote the first fitting criterion failed by each object not identified as displaying a high velocity feature, as described
in Section 3.3.2
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Table A2. Summarised fitting results for the Ca ii NIR triplet feature for the objects first described in Maguire et al. (2013). Means

have been weighted using the relevant fitting uncertainties with the uncertainties of these means obtained as the standard deviation of

the results. A positive value of ∆ ¯BIC indicates a preference for the inclusion of a high velocity feature based on statistical considerations
alone.

No High Velocity component

Photospheric Component High Velocity Component

SN Min V (km s−1) FWHM (km s−1) pEQW (Å) Min V (km s−1) FWHM (km s−1) pEQW (Å) χ̄2 ∆ ¯BIC Fitting Notes

LSQ12gdj -11000 ± 130 3180 ± 140 6.0 ± 0.1 - - - 0.245 ± 0.001 40 ± 20 (1), (i)

PTF12iiq -32170 ± 120 32160 ± 310 220.5 ± 1.1 - - - 24.642 ± 0.486 * (1), (i)

SN 2013U -14440 ± 50 16200 ± 60 48.4 ± 0.4 - - - 1.768 ± 0.003 * (i)

Mean -18070 ± 9270 14610 ± 11850 23.0 ± 92.7 - - - 0.729 ± 11.159 -

With High Velocity component

Photospheric Component High Velocity Component

SN Min V (km s−1) FWHM (km s−1) pEQW (Å) Min V (km s−1) FWHM (km s−1) pEQW (Å) χ̄2 ∆ ¯BIC Fitting Notes

LSQ12dbr -11040 ± 110 4430 ± 40 55.3 ± 0.3 -18680 ± 40 4780 ± 60 32.6 ± 0.3 1.009 ± 0.007 500 ± 60

LSQ12fuk -9500 ± 40 5300 ± 40 104.6 ± 0.1 -16840 ± 40 4680 ± 40 55.3 ± 0.1 0.636 ± 0.001 1090 ± 60
LSQ12fxd -10800 ± 140 2810 ± 140 9.3 ± 0.2 -21340 ± 130 5670 ± 140 23.2 ± 0.1 0.375 ± 0.009 270 ± 20 (1)

LSQ12hzj -8390 ± 300 4500 ± 40 46.1 ± 0.2 -18710 ± 40 6040 ± 50 29.5 ± 0.2 1.354 ± 0.003 480 ± 50
PTF12jgb -9430 ± 170 5280 ± 160 67.2 ± 9.6 -18510 ± 750 5580 ± 1630 56.8 ± 9.8 0.516 ± 0.245 1060 ± 170 (1)

SN 2012cg -9980 ± 40 4440 ± 40 51.1 ± 0.1 -19510 ± 100 5550 ± 40 52.5 ± 0.1 0.558 ± 0.002 1000 ± 60

SN 2012fw -9390 ± 190 4610 ± 190 13.5 ± 0.1 -18480 ± 210 5590 ± 190 11.2 ± 0.1 0.406 ± 0.012 100 ± 20 (1)
SN 2012hd -9730 ± 140 7390 ± 140 47.0 ± 0.1 -17490 ± 170 5920 ± 140 31.6 ± 0.1 0.365 ± 0.005 240 ± 30 (1)

SN 2012hr -12400 ± 80 8890 ± 140 107.2 ± 1.6 -20250 ± 120 6540 ± 100 68.7 ± 1.3 1.071 ± 0.026 260 ± 50 (1)

SN 2012ht -10860 ± 40 7490 ± 40 145.6 ± 0.7 -17400 ± 10 6960 ± 60 67.5 ± 0.7 0.629 ± 0.005 390 ± 70
SN 2013aa -9880 ± 30 5700 ± 30 119.7 ± 0.1 -15840 ± 100 4840 ± 40 42.9 ± 0.1 1.132 ± 0.002 340 ± 60

SN 2013aj -9810 ± 40 6440 ± 40 100.1 ± 0.2 -17110 ± 40 9240 ± 40 102 ± 0.2 1.288 ± 0.004 570 ± 100

Mean -10180 ± 990 5600 ± 1610 52.7 ± 41.0 -17810 ± 1470 6020 ± 1190 36.3 ± 23.7 0.813 ± 0.352 380 ± 320

* No ∆ ¯BIC is available as all fitting iterations when including a high velocity feature were considered to be unsuccessful

** Residual pattern indicative of the presence of an additional feature

(1) Values measured from a lower resolution, non X-shooter spectrum
Roman numerals denote the first fitting criterion failed by each object not identified as displaying a high velocity feature, as described

in Section 3.3.2

Table A3. Summarised fitting results for the Si ii 6355 Å feature for the objects first described in Sternberg et al. (2011). Means have
been weighted using the relevant fitting uncertainties with the uncertainties of these means obtained as the standard deviation of the

results. A positive value of ∆ ¯BIC indicates a preference for the inclusion of a high velocity feature based on statistical considerations

alone.

No High Velocity component

Photospheric Component High Velocity Component

SN Min V (km s−1) FWHM (km s−1) pEQW (Å) Min V (km s−1) FWHM (km s−1) pEQW (Å) χ̄2 ∆ ¯BIC Fitting Notes

SN 2006cm -11350 ± 90 4850 ± 170 24.9 ± 0.8 - - - 0.325 ± 0.012 * (1), (i)
SN 2008hv -11080 ± 100 7450 ± 100 48.8 ± 0.3 - - - 0.037 ± 0.002 90 ± 20 (1), (i)

SN 2008ia -11270 ± 100 7140 ± 120 53.7 ± 0.6 - - - 0.080 ± 0.005 -60 ± 40 (1), (ii)

SN 2009ig -13700 ± 210 6540 ± 210 18.2 ± 0.0 - - - 0.050 ± 0.001 * (1), (i)

Mean -11560 ± 1070 6680 ± 1000 22.8 ± 15.1 - - - 0.061 ± 0.117 -10 ± 50

With High Velocity component

Photospheric Component High Velocity Component

SN Min V (km s−1) FWHM (km s−1) pEQW (Å) Min V (km s−1) FWHM (km s−1) pEQW (Å) χ̄2 ∆ ¯BIC Fitting Notes

SN 2006X -15710 ± 410 8420 ± 430 134.4 ± 13.9 -20430 ± 290 4830 ± 540 36.2 ± 13.9 0.148 ± 0.085 1000 ± 170
SN 2007on -9930 ± 140 6950 ± 150 27.3 ± 0.1 -13430 ± 140 4580 ± 140 11.8 ± 0.1 0.036 ± 0.001 250 ± 20 (1)

SN 2008fp -10740 ± 150 6420 ± 150 21.8 ± 0.3 -12410 ± 180 3460 ± 380 2.7 ± 0.3 0.023 ± 0.003 90 ± 20 (1)

Mean -11130 ± 2550 6940 ± 850 26.2 ± 51.9 -14590 ± 3570 4360 ± 600 9.1 ± 14.2 0.033 ± 0.056 220 ± 400

* No ∆ ¯BIC is available as all fitting iterations when including a high velocity feature were considered to be unsuccessful

(1) Values measured from a lower resolution, non X-shooter spectrum
Roman numerals denote the first fitting criterion failed by each object not identified as displaying a high velocity feature, as described

in Section 3.3.2
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Table A4. Summarised fitting results for the Ca ii NIR triplet feature for the objects first described in Sternberg et al. (2011). Means

have been weighted using the relevant fitting uncertainties with the uncertainties of these means obtained as the standard deviation of

the results. A positive value of ∆ ¯BIC indicates a preference for the inclusion of a high velocity feature based on statistical considerations
alone.

No High Velocity component

Photospheric Component High Velocity Component

SN Min V (km s−1) FWHM (km s−1) pEQW (Å) Min V (km s−1) FWHM (km s−1) pEQW (Å) χ̄2 ∆ ¯BIC Fitting Notes

SN 2006cm -11790 ± 70 7660 ± 70 61.1 ± 0.1 - - - 1.534 ± 0.007 * (1), (i)

Mean - - - - - - - -

With High Velocity component

Photospheric Component High Velocity Component

SN Min V (km s−1) FWHM (km s−1) pEQW (Å) Min V (km s−1) FWHM (km s−1) pEQW (Å) χ̄2 ∆ ¯BIC Fitting Notes

SN 2006X -13330 ± 40 6490 ± 50 128.1 ± 0.9 -20030 ± 40 6440 ± 60 177.5 ± 1.3 0.753 ± 0.027 1030 ± 60

SN 2007on -8640 ± 160 6680 ± 150 24.6 ± 2.1 -14220 ± 200 9360 ± 200 51.4 ± 2.1 0.143 ± 0.003 120 ± 30 (1)

SN 2008fp -10510 ± 110 5320 ± 110 20.6 ± 0 -17860 ± 150 4660 ± 110 7.9 ± 0.0 0.111 ± 0.004 210 ± 20 (1)
SN 2008hv -9850 ± 70 5850 ± 70 34.1 ± 0.1 -19140 ± 70 7050 ± 90 20.0 ± 0.1 0.241 ± 0.002 480 ± 30 (1)
SN 2008ia -9970 ± 70 5760 ± 70 48.1 ± 0.1 -17720 ± 120 6090 ± 70 21.9 ± 0.1 0.855 ± 0.003 200 ± 30 (1)

SN 2009ig -13500 ± 160 6060 ± 160 21.5 ± 0 -21650 ± 160 4890 ± 160 4.5 ± 0.0 0.045 ± 0.001 240 ± 10 (1)

Mean -11330 ± 1820 6040 ± 450 28 ± 37.9 -19070 ± 2310 6290 ± 1560 11.5 ± 60.2 0.233 ± 0.322 290 ± 310

* No ∆ ¯BIC is available as all fitting iterations when including a high velocity feature were considered to be unsuccessful

** Residual pattern indicative of the presence of an additional feature

(1) Values measured from a lower resolution, X-shooterX-shooter spectrum
Roman numerals denote the first fitting criterion failed by each object not identified as displaying a high velocity feature, as described

in Section 3.3.2
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