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ABSTRACT

The type Ia supernova (SN Ia) SN 2020nlb was discovered in the Virgo Cluster galaxy M85 shortly after explosion. Here we present
observations that include one of the earliest high-quality spectra and some of the earliest multi-colour photometry of a SN Ia to date.
We calculated that SN 2020nlb faded 1.28±0.02 mag in the B band in the first 15 d after maximum brightness. We independently fitted
a power-law rise to the early flux in each filter, and found that the optical filters all give a consistent first light date estimate. In contrast
to the earliest spectra of SN 2011fe, those of SN 2020nlb show strong absorption features from singly ionised metals, including Fe ii
and Ti ii, indicating lower-excitation ejecta at the earliest times. These earliest spectra show some similarities to maximum-light
spectra of 1991bg-like SNe Ia. The spectra of SN 2020nlb then evolve to become hotter and more similar to SN 2011fe as it brightens
towards peak. We also obtained a sequence of nebular spectra that extend up to 594 days after maximum light, a phase out to which
SNe Ia are rarely followed. The [Fe iii]/[Fe ii] flux ratio (as measured from emission lines in the optical spectra) begins to fall around
300 days after peak; by the +594 d spectrum, the ionisation balance of the emitting region of the ejecta has shifted dramatically, with
[Fe iii] by then being completely absent. The final spectrum is almost identical to SN 2011fe at a similar epoch. Comparing our data to
other SN Ia nebular spectra, there is a possible trend where SNe that were more luminous at peak tend to have a higher [Fe iii]/[Fe ii]
flux ratio in the nebular phase, but there is a notable outlier in SN 2003hv. Finally, using light-curve fitting on our data, we estimate
the distance modulus for M85 to be µ0 = 30.99 ± 0.19 mag, corresponding to a distance of 15.8+1.4

−1.3 Mpc.

Key words. supernovae: individual: SN 1994D – supernovae: individual: SN 2011fe – supernovae: individual: SN 2015F –
supernovae: individual: SN 2020nlb – galaxies: individual: M85

1. Introduction

Type Ia supernovae (SNe Ia) are generally accepted to be
thermonuclear explosions of carbon-oxygen white dwarfs (CO
WDs; Hoyle & Fowler 1960; Hillebrandt & Niemeyer 2000;
Nugent et al. 2011). Their light curves are almost entirely pow-
ered by the radioactive decay of 56Ni synthesised in the explo-
sion, as it first decays to 56Co and then to stable 56Fe (Pankey
1962; Colgate & McKee 1969; Arnett 1982b). Using a sim-
ple parameterisation of the width and colour of their light
curves, SNe Ia are standardisable candles, making them valu-
able distance indicators (Phillips 1993; Riess et al. 1996; Tripp
1998). This, combined with their high peak optical luminosities
(MB ∼ −19.3 mag), make them important cosmological probes
(Riess et al. 1998; Perlmutter et al. 1999; Scolnic et al. 2018).

While there is a consensus over the type of primary star that
produces a SN Ia explosion, a CO WD, the configuration of the
progenitor stellar system is still unclear. As isolated CO WDs
cannot spontaneously explode, all SNe Ia are thought to origi-
nate from binary (or higher) systems. The most plausible pro-
genitor models for producing a significant fraction of SNe Ia can
be broadly classified based on the nature of the companion star
to the exploding CO WD, as single-degenerate (a binary of a WD
and a non-degenerate companion star; Whelan & Iben 1973)
or as double-degenerate (a WD–WD system; Iben & Tutukov
1984; Webbink 1984). Whether normal SNe Ia are produced by
the explosion of a Chandrasekhar-mass (MCh; 1.4 M�) WD or a
sub-MCh WD is also debated. Models for both types of explosion
are plausibly able to reproduce many of the observables seen in
SNe Ia, including the range of peak brightnesses that SNe Ia
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Fig. 1. BVr image of SN 2020nlb in its environment. The data were taken with the 67/91 Schmidt Telescope on 2021 Jan 11, when the SN was
183 days after maximum light. By then, the SN was entering the nebular phase and had strong emission around the B and V band, hence the blue
colour that the SN exhibits in this image.

show (e.g. Hoeflich et al. 1995, Sim et al. 2010, Blondin et al.
2013, Taubenberger 2017, Shen et al. 2018, Polin et al. 2019).

Type Ia supernovae spectra are characterised by strong
absorption features from intermediate-mass elements (IMEs)
such as silicon and sulphur prior to and near maximum light,
which over time increasingly give way to a spectrum dominated
by features associated with iron-group elements (IGEs). The
ejecta of normal SNe Ia are stratified, with the inner layers being
dominated by IGEs, outside of which is an IME-dominated
region, and the very outer layers are abundant in oxygen and
any unburnt carbon. However, this is only a broad overall
picture, and the spectroscopic evolution of SNe Ia suggests
there is substantial mixing between the different burning prod-
ucts (e.g. Branch et al. 1985; Stehle et al. 2005; Mazzali et al.
2007; Tanaka et al. 2011). In order to study the outer, higher-
velocity regions of the ejecta, spectroscopy at the earliest times
is required.

The advent of deep all-sky surveys such as the Aster-
oid Terrestrial-impact Last Alert System (ATLAS; Tonry et al.
2018) and Zwicky Transient Facility (Bellm et al. 2019) has
made it possible to study SNe Ia shortly after explosion
in greater numbers. Over the last few years, a number of
SNe Ia have been observed to exhibit rises that do not con-
form to the traditional power-law rise (e.g. Cao et al. 2015;
Hosseinzadeh et al. 2017; Dimitriadis et al. 2019; Shappee et al.
2019; Miller et al. 2020). In some cases, the early excess flux
is sufficiently high for the SNe to display a bump feature in
the early light curve (e.g. SN 2017cbv, Hosseinzadeh et al. 2017;
SN 2019yvq, Miller et al. 2020). There are a number of poten-
tial causes of such a feature, for example: companion star
interaction (Kasen 2010), circumstellar medium (CSM) inter-
action (Piro & Morozova 2016), and ‘excess’ radioactive iso-
topes in the outer ejecta (Noebauer et al. 2017; Polin et al. 2019;
Magee & Maguire 2020). Even if no bump is seen in the light
curve, the early spectra and light curves could potentially, at
least in principle, distinguish between explosion scenarios (see
e.g. Dessart et al. 2014; Noebauer et al. 2017). The early-time

luminosity and spectral features are sensitive to how the 56Ni is
distributed throughout the ejecta.

SN 2020nlb was discovered on 2020 Jun 25.25 UT by
ATLAS at an AB magnitude in the ATLAS-orange (o) filter of
mo = 17.44 ± 0.08 (Townsend et al. 2020). The pre-discovery
non-detection from ATLAS was >19.7 mag (with the ATLAS-
cyan filter) on 2020 Jun 23.28 UT. We estimate in this work that
first light occurred at 2020 Jun 23.1 ± 0.1 UT. We spectroscopi-
cally confirmed the transient as a SN Ia 0.7 days after discovery
(Fiore et al. 2020; Williams et al. 2020). Sand et al. (2021) used
X-ray observations to place an upper limit on the pre-explosion
mass loss of <9.7× 10−9 M� yr−1. They also searched for hydro-
gen or helium emission in the nebular spectrum and placed upper
limits on the mass of H or He swept up from any potential
non-degenerate companion star of MH . 0.7−2 × 10−3 M� and
MHe . 4 × 10−3 M�.

SN 2020nlb exploded in M85 (NGC 4382), a peculiar S0
galaxy (de Vaucouleurs et al. 1991) in the Virgo Cluster. An
image showing SN 2020nlb and its environment is displayed
in Fig. 1. The primary distance indicator for nearby galaxies
are Cepheid variables; however, these are not found in pas-
sive environments. Therefore, for early-type galaxies, an alter-
native must be used. The distance to M85 has been estimated
using a number of different methodologies. Surface brightness
fluctuation (SBF) measurements indicate the distance modu-
lus, µ0 = 31.26 ± 0.05 mag (Mei et al. 2007). Using the plan-
etary nebula luminosity function (PNLF), a distance modulus of
30.79±0.06 mag was derived by Jacoby et al. (1990). Discrepan-
cies between PNLF and SBF distance moduli are common, and
PNLF distance moduli are systematically ∼0.3 mag lower than
those from the SBF method (Ciardullo 2012).

In this work, we present our observations of SN 2020nlb,
beginning 0.7 d after discovery. This includes one of the earliest
ever spectra and some of the earliest multi-colour (u′BVg′r′i′)
photometric data of a SN Ia. Our first set of observations end 33 d
after peak brightness, when the SN became unobservable due to
its proximity to the Sun. When it became observable again, we
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resumed follow-up and obtained a sequence of nebular spectra,
with the final observations taken 594 days after peak brightness.
Given that M85 has no distance estimate using either Cepheid
variables or the tip of the red giant branch, we also used our
light curve of SN 2020nlb to estimate the distance to the galaxy.

2. Data

2.1. Photometry

We obtained u′BVg′r′i′ follow-up using the IO:O (Smith &
Steele 2017) imager on the 2 m Liverpool Telescope (LT;
Steele et al. 2004) and the Alhambra Faint Object Spectrograph
and Camera (ALFOSC) on the 2.56 m Nordic Optical Telescope
(NOT), using the equivalent filter set. The IO:O imaging was
reduced using the automatic LT IO:O pipeline and ALFOSC
images were reduced using the ALFOSCGUI pipeline1. We also
obtained some epochs of imaging with the 67/91 Schmidt
Telescope.

All of our SN 2020nlb photometry was calculated using PSF-
fitting in daophot within IRAF2 (Tody 1986). The g′r′i′V pho-
tometry of SN 2020nlb was calibrated using a local sequence
of stars from Pan-STARRS1 (PS1; Chambers et al. 2016). The
V-band magnitudes of the stars were computed from the PS1
magnitudes using the transformations in Tonry et al. (2012). The
u′B photometry was calibrated against stars in SDSS DR12
(Alam et al. 2015), with the B-band magnitudes of the calibra-
tion stars computed using the transformations from Jordi et al.
(2006) and the u and g-band magnitudes from the SDSS cata-
logue. The errors on the measured SN magnitudes were gener-
ally dominated by the uncertainties on calculating the zero point
of a given epoch (as determined from the local standard stars).
For a few epochs where the signal-to-noise (S/N) of the SN was
very low, we employed forced photometry at the location (using
daophot). Our photometry of SN 2020nlb is given in Table B.1.

2.2. Spectroscopy

We obtained a sequence of spectra using ALFOSC on the NOT
as part of the NOT Unbiased Transient Survey (NUTS)3. All
spectra were taken using grism 4 (3200–9600 Å), with either
1.0′′ or 1.3′′ slit. Grism 4 with a 1.0′′ slit gives a resolution of
R = 360 or 16 Å. The ALFOSC spectra were extracted using the
ALFOSCGUI pipeline. The flux calibration was performed using
standard routines in IRAF, against observations of a spectropho-
tometric standard taken using the same instrumentation.

We also obtained several spectra using the SPectrograph
for the Rapid Acquisition of Transients (SPRAT; Piascik et al.
2014) on the LT, which has a resolution of R = 350 and wave-
length coverage of 4000–8000 Å. These spectra were reduced
to extracted 1D spectra using the automated SPRAT pipeline.
The spectra were then calibrated against observations of the
standard star BD+33 2642 (Oke 1990) with the same instru-
ment setups, taken between 2020 Jun 22 and Jul 4. These flux
calibrations were performed using standard routines in IRAF.
We also obtained four spectroscopic epochs using the Low

1 ALFOSCGUI is a graphic user interface aimed at extracting SN
spectroscopy and photometry obtained with FOSC-like instruments.
It was developed by E. Cappellaro. A description can be found at:
http://sngroup.oapd.inaf.it/foscgui.html
2 IRAF is distributed by the National Optical Astronomy Observatory,
which is operated by the Association of Universities for Research in
Astronomy (AURA) under a cooperative agreement with the National
Science Foundation.
3 https://sngroup.oapd.inaf.it/nuts.html
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Fig. 2. Light curves of SN 2020nlb. Top: Our early multi-colour light
curves of SN 2020nlb. The best-fit SNooPy model, and the best-fit
f ∝ (t − t0)n to the early data, are shown for the B band, using a
solid and dotted line respectively. The ATLAS-o discovery magnitude
is also shown. The epochs that our spectra were taken are indicated
by the grey lines at the bottom of the plot. The fitted first light time,
t0, is also indicated. The light curve of SN 2015F (photometry from
Cartier et al. 2017 and Burns et al. 2018) is shown for comparison with
the dashed lines (except the B band), which has been shifted to the
distance modulus we derive for M85, with the distance modulus for
SN 2015F taken from Cartier et al. (2017). The light curves of both SNe
have been corrected for foreground reddening only. Cartier et al. (2017)
estimate E(B − V)host = 0.085 for SN 2015F. Bottom: The full light
curve of SN 2020nlb stretching out to around one year after maximum
light.

Resolution Spectrograph (LRS) on the Galileo National Tele-
scope (TNG) and a single very late spectroscopic observation
using FOcal Reducer/low dispersion Spectrograph 2 (FORS2;
Appenzeller et al. 1998) on the Very Large Telescope (VLT).
Both the LRS and FORS2 spectra were reduced using standard
routines in IRAF. A log of our spectroscopic observations is
shown in Table C.1.

3. Light curve

Our multi-band light curves of SN 2020nlb are shown in Fig. 2,
where we also show photometry of SN 2015F (Cartier et al.
2017; Burns et al. 2018), which was a SN Ia that we find to
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be spectroscopically and photometrically similar to SN 2020nlb.
Our light curves begin when the SN is 4.9 mags below B-band
peak brightness, and >6 mags below u′-band peak brightness.
At the time of the first u′-band measurement, the SN flux in
that band was just 0.4% of u′-band peak flux. We use the
SNooPy SN Ia light-curve-fitting code (Burns et al. 2011) on our
B-band photometry (using the ‘max_model’ fitting in SNooPy)
to estimate the magnitude and time of peak B-band brightness.
For this and our subsequent light-curve fitting of SN 2020nlb
in this paper that utilises SNooPy, we use the filter responses
of the various LT IO:O filters4. The B-band peak occurred on
MJD 59042.1 ± 0.3, with an apparent magnitude of B = 12.12 ±
0.01 (these values are very similar to those derived by Sand et al.
2021). We estimate the B-band magnitudes that the SN faded
during the first 15 d from peak, ∆m15(B) = 1.28±0.02 mag. This
makes it faster fading than the average of the normal SN Ia distri-
bution. The light curve implies a peak of MB = −19.1±0.2 mag,
but note this is not an independent measurement, as the distance
itself is derived from the light-curve fitting (see Sect. 3.4), and
hence, in effect, the absolute peak brightness is implied from our
measurements of the width and colour of the light curve. While
using the distance derived from the light curve in the analysis of
the SN is not ideal, we suggest that the parameters of this SN are
in some tension with adopting the SBF distance (see discussion
in the last paragraph of Sect. 3.5). We also note that the SBF and
PNLF distances to the galaxy are in tension with each other, so
the two would give very different SN luminosities to each other.
For this work we adopt the SN-derived distance, but also note
some of the key parameters for the case of the SBF distance.

3.1. First light time and early rise

Given our early multi-colour coverage of this event, beginning
0.7 d after the first detection, we are able to fit the early rise in
each waveband. We fit a power law of the form f ∝ (t + t0)n

to our early data (until the flux reaches 50% of its maximum)
in each filter, and the results for t0 and n in each case are listed
in Table 1. The best-fit values of t0 in each filter are close to
each other, with the exception of the u′-band, which also has a
larger uncertainty. This is worth noting, as it indicates that for
SNe Ia, or at least those similar to SN 2020nlb, the epoch of
first light inferred from a power-law fit to early photometric data
is largely independent of the filter used, at least in the optical.
Therefore, for example, in the case of two SNe Ia that did not
have multi-colour early data, with perhaps only single-filter early
observations, it would be acceptable to compare parameters that
rely directly on t0, without the concern of substantial systematic
uncertainties arising from the difference in filters. The weighted
mean first light time is t0 = 59 023.3±0.1 MJD. We also re-fit the
rise times, with a fixed t0 = 59 023.3 ± 0.1 (with the uncertainty
boot-strapped), and these values are also included in Table 1.
The fits are shown, along with our early photometry in Fig. 3. In
the figure, we also display the ATLAS-o discovery magnitude.
The ATLAS-o filter approximately covers the wavelengths of the
r and i bands. It can be seen in the figure that the flux in the
ATLAS-o band at discovery lies between the r and i-band flux
that would be predicted from the power-law fits to our data that
begins 0.7 d later. We note that the first light date we estimate
here differs from that used by Sand et al. (2021), who adopted
the mid-point between the last non-detection and first detection
as their explosion date.

4 http://telescope.livjm.ac.uk/TelInst/Inst/IOO/

Table 1. Fitted power-law rise in the form f ∝ (t− t0)n, to our early data
(when flux is less than half of the peak flux) of SN 2020nlb in different
filters.

Band t0,band n (t0,band) n (t0)

u′ 59 022.26 ± 0.56 4.87 ± 0.47 4.00 ± 0.08
g′ 59 023.44 ± 0.19 2.52 ± 0.12 2.62 ± 0.05
r′ 59 023.12 ± 0.13 2.47 ± 0.07 2.38 ± 0.04
i′ 59 023.31 ± 0.27 2.61 ± 0.16 2.62 ± 0.05
B 59 023.37 ± 0.17 2.84 ± 0.11 2.89 ± 0.05
V 59 023.53 ± 0.20 2.26 ± 0.10 2.38 ± 0.05

Notes. For n (t0) (Col. 4), the weighted average of t0 = 59 023.3± 0.1 is
taken. We also show the values when t0 was fit as a free parameter for
each band, n (t0,band) (Col. 3).
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Fig. 3. Early light curve of SN 2020nlb, showing the power-law fits with
the first light date of 59 023.3 ± 0.1 MJD. The residuals (given as a pro-
portion of the total flux at that epoch) of the fits are shown in the bottom
panel.

The SN 2020nlb pre-discovery non-detection from ATLAS
was >19.7 mag on 59 023.28 MJD, and it was also not detected
by ZTF on 59 023.22 MJD. Both of these non-detections are
around the same epoch as our estimated time of first light,
meaning the SN would be expected to be extremely faint, and
these non-detections could even be prior to first light. The Ita-
gaki Astronomical Observatory’s 0.35 m telescope in Okayama,
Japan observed the field on MJD 59024.57 and the SN was not
detected down to a limiting magnitude of 18.5 (Sand et al. 2021).
Our power-law fits would predict magnitudes of B = 19.3 and
V = 18.2 at this time, so this does provide some tension with
our power-law fits (see also discussion and figure in Appendix A
for more details). It is possible that the SN may have displayed
something more akin to an approximately linear very early rise
phase like has been suggested for SN 2013dy and SN 2014J, for
example (Zheng et al. 2013, 2014). If the SN did show such a
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Fig. 4. Early u′-band light curve of SN 2020nlb, showing the power-law
fits with the first light date of 59 023.3 MJD. The dark purple fit and
residuals show when all data used in Fig. 3 is included, and the light
purple shows the fit when the first epoch is excluded.

phase, this would likely mean our estimated first light date could
be too early.

The calculated time of first light and the associated uncer-
tainties (59 023.3 ± 0.1 MJD) assume that the power law rise
remains true even at the very earliest times. As previously noted,
for some SNe Ia with very early detections or very constraining
upper limits, like SN 2013dy and SN 2014J, this has been shown
not to be the case (Zheng et al. 2013, 2014). For those objects,
a broken power law has been found to better describe the early
rise. In these cases, the initial two or three days after first light
display an approximately linear rise in flux, before giving way
to a power-law rise. While, as shown above, our observations are
consistent with a single power-law rise for each filter, a short lin-
ear rise phase cannot be ruled out. If such a rise was present, the
true first light date could be later that the t0 = 59 023.3±0.1 MJD
derived from our fits, and would in turn mean our first spectrum
is even earlier than the 2.6 d after first light that we estimate.
For SN 2020nlb, the uncertainty from the fitting of our data with
the power law rise is small. The systematic uncertainty that will
arise from the assumption of the nature of the rise (e.g. power
law vs broken power law) will be considerably larger than this
±0.1 d uncertainty.

The relative differences in the fitted power-law rises from
filter to filter shown in Table 1 do not seem to obviously correlate
with the fits to the synthetic light curve of SN 2011fe presented
in Table 3 of Firth et al. (2015). For example, in their fits, the
B band had the lowest power-law index and V band the highest.
For the time period where the rise of a SN Ia is well described by
power-law fits, if an object has a (B−V) colour that is becoming
bluer, the power-law index for the B band must be higher than
that of V. For such SNe Ia that have early rises well described
by power laws, how the colours change during these epochs will
be directly linked to the power-law indices. For example, the

evolution of the (B−V) colour at this epoch will be linked to the
indices of the B and V-band flux early rises (i.e. f ∝ tn(B) and
tn(V) respectively) in the form:

(B − V) = −2.5 × [n(B) − n(V)]log(t) + constant. (1)

Type Ia supernovae in the red sample of Stritzinger et al.
(2018) get bluer over the first few days after first light, whereas
their blue sample remain at an approximately constant colour
during this phase. Therefore, based on colour evolution alone,
it would be expected that n(B) > n(V) for the red sample, and
for their blue sample n(B) ≈ n(V) (although note that some of
their blue sample do not show power-law rises). SN 2011fe is in
the red sample of Stritzinger et al. (2018), and SN 2020nlb also
belongs to the same group (see Sect. 3.2), meaning both should
have n(B) > n(V).

In recent years, several SNe Ia have been found to show
early excess flux that deviates from the traditional power-law
rise. As discussed in the introduction, there are a number of
possible mechanisms that could produce this, including inter-
action with a companion star, CSM, material from a WD
merger, or excess surface 56Ni (Kasen 2010; Piro & Morozova
2016; Noebauer et al. 2017; Polin et al. 2019; Magee & Maguire
2020). Early photometric observations alone are not typically
sufficient to distinguish between these, as many can poten-
tially be tuned to match a variety of bumps. In these scenar-
ios, the additional power source either comes from interaction
or additional radioactive isotopes in the outer ejecta. There is
no evidence of a substantial bump in the early light curve of
SN 2020nlb, and as can be seen in Fig. 2, power-law fits gener-
ally describe the early rise very well. The only possible excep-
tion to that is the u′ band. Examining the residuals shown in
Fig. 3, we can see that the first u′-band data-point is marginally
in excess of the best-fit power law, whereas the second data-point
lies marginally below the best-fit, indicating the power-law fit
from the derived first light time does not perfectly describe the
u′-band early rise. We therefore re-fit the early u′-band data,
but exclude the first epoch. This new fit is shown in Fig. 4
and compared to the fit that includes the first epoch. In the fit
that excludes the first observation, the remaining data are well
described by a power-law fit, and the first data point is then ∼5σ
in excess of that fit, with an excess flux-density of 23.8±4.5 µJy.

3.2. Colours

The early (B − V) colour of SNe Ia can vary by as much as
∼0.5 mag, and they appear to fall into two groups, either showing
red or blue early colours (Stritzinger et al. 2018). SN 2020nlb
belongs to the population showing red early (B−V) colour. This
is consistent with the findings of Stritzinger et al. (2018), where
the ‘blue’ population showed only shallow silicon features in
their spectra, unlike SN 2020nlb. At the first photometry epoch,
2.6 d after first light, we find (B − V) = 0.60 ± 0.03 mag (cor-
recting for foreground extinction of E(B − V) = 0.026 mag and
taking E(B − V)host = 0.04 mag; see discussion in Sect. 3.3),
which then becomes steadily bluer until it reaches (B − V) =
−0.07 ± 0.04 mag at 9.6 d after first light, after which point it
plateaus until around the time of maximum light. The colours
of SN 2020nlb are compared to those of SN 2015F (Cartier et al.
2017; Burns et al. 2018) in Fig. 5.

3.3. Extinction

The dust maps of Schlafly & Finkbeiner (2011) indicate low
Galactic reddening of E(B − V) = 0.026 mag towards the
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Fig. 5. Colour evolution of SN 2020nlb (black points), compared to SN 2015F photometry from Cartier et al. (2017, dashed grey line) and
Burns et al. (2018, dotted grey line). The SN 2020nlb colours are reddening corrected using the values discussed in the text. SN 2015F is red-
dening corrected using the values from Cartier et al. (2017).

position of SN 2020nlb. We adopt this value for the Galactic
reddening, and assume RV = 3.1 (Cardelli et al. 1989) through-
out. Fitting our u′BVg′r′i′ photometry using ‘EBV_model’ in
SNooPy, indicates a host galaxy reddening of E(B − V)host =
0.04 ± 0.06 mag (the ±0.06 is a systematic uncertainty which
limits the accuracy with which SNooPy can determine redden-
ing from SN Ia colours, but obviously a negative extinction is
unphysical). SNooPy derives the reddening value from the offset
between the observed colours and those expected for that SN Ia
light curve. The spectra, which are presented in the next section,
do not show strong Na iD absorption. There is a weak, but clear,
Galactic component of Na iD, and the strength of the feature
is roughly consistent (given the low resolution etc.) with that
expected from the reddening of E(B−V) = 0.026 mag, using the
relations from Poznanski et al. (2012). We do not detect clear
evidence of an M85 Na iD absorption feature. The low reso-
lution of our spectra means that the D1 and D2 Na i lines are
not resolved. This is further complicated by the low redshift
of M85 (z = 0.0024), which means that the Galactic and M85
Na iD features would not be completely resolved from each
other. Nonetheless, estimating a conservative upper limit on the
Na iD EW does allow us to confirm that E(B−V)host < 0.10 mag
(i.e. the upper error bar of the E(B − V)host derived in SNooPy)
from the relations of Poznanski et al. (2012). For the remainder
of this work, we adopt a value of E(B−V)host = 0.04±0.06 mag.
Although when we utilise a Monte Carlo technique to estimate

physical parameters, we do not permit E(B − V)host to be either
negative or >0.1 mag.

3.4. Distance to M85

We use our light curve of SN 2020nlb to estimate the distance to
M85. Fitting the light-curve with SNooPy (using ‘EBV_model’)
yields a distance modulus of µ0 = 30.99 ± 0.19 mag. This dis-
tance modulus corresponds to a distance of 15.8+1.4

−1.3 Mpc. There
are systematic uncertainties in the standardisation of SN Ia light
curves to measure the distance modulus, which as yet have been
unable to be removed by additional parameterisation, and are typ-
ically of order 0.1−0.15 mag. This limits the accuracy to which
one can determine the distance to an individual SN Ia, even with
a perfect dataset. M85 has previously hosted the SN Ia 1960R
(Bertola 1962). This SN has been used in conjunction with other
SNe Ia to estimate the distance to the Virgo cluster (Arnett 1982a;
Pierce et al. 1992). However, the photographic observations of
SN 1960R itself have very poor early coverage (Bertola 1964),
precluding the use of this SN to increase the accuracy of our
SN Ia-based distance determination for M85. Compared to our SN
Ia-derived value of µ0 = 30.99 ± 0.19 (which includes system-
atic uncertainties), the PNLF gives a smaller distance modulus of
µ0 = 30.79±0.06 (Jacoby et al. 1990), although this is consistent
within the errors. At µ0 = 31.26 ± 0.05 (Mei et al. 2007), SBF
gives a larger distance than the SN Ia value.
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3.5. 56Ni mass

Following Arnett’s rule (Arnett 1982b), the mass of 56Ni syn-
thesised in the explosion of a SN Ia can be estimated from the
peak of the bolometric light curve. By scaling our spectroscopic
sequence to our photometric observations and then integrating
the total flux, we can measure the total optical luminosity of the
SN. The majority of the luminosity of a SN Ia near maximum
light is radiated in the optical. However, a significant fraction
is emitted in the UV and NIR (for example, at B-band maxi-
mum, SN 2011fe emitted around 10% and 6% of its bolometric
luminosity in the UV and NIR respectively; Pereira et al. 2013).
To account for this flux, we assume the same (i – NIR) colours
as for the similar SN Ia SN 2015F. We obtain the colours of
that SN from Cartier et al. (2017). We then obtain JHKs mag-
nitude estimates for SN 2020nlb by applying these colours (after
correcting for reddening; values from Cartier et al. 2017) to our
i′-band photometry of SN 2020nlb. We then scale the NIR spec-
troscopic sequence of SN 2011fe from Mazzali et al. (2014) to
our estimated NIR photometry of SN 2020nlb. For the UV con-
tribution, we utilise the Swift UVM2 photometry of SN 2020nlb
published by Sand et al. (2021). The UVM2 filter was chosen as
it does not have a red tail to its transmission curve to the same
extent that UVW1 and UVW2 have. The SED of a SN Ia means
that u-band and even B-band flux can significantly contribute
to the measured flux in those filters, whereas such contamina-
tion is much lower for UVM2 (see Fig. 1 of Brown et al. 2016).
The SN 2011fe UV spectra from Mazzali et al. (2014) were
then scaled to UVM2 photometry for SN 2020nlb. After adding
these contributions, we integrated the flux between 1780 Å and
24 980 Å, which we define as the bolometric luminosity.

The total mass of 56Ni synthesised in the explosion can be
calculated from the peak bolometric luminosity, Lbol, and the
time between the explosion and the said peak, tr. We estimate the
rise time (from explosion to bolometric peak) to be 17.2 ± 0.3 d
for SN 2020nlb. From the equations in Stritzinger & Leibundgut
(2005), the 56Ni yield of the explosion can be calculated from:

M56Ni =
Lbol

α[6.45 × e−tr/8.8 + 1.45 × e−tr/111.3] × 1043 M�. (2)

Here α is the ratio between the radiated energy at maximum light
and the instantaneous energy production from decays, where α =
1 is the special case in which the energy radiated is equal to
the instantaneous energy production. For this work, we assume
α = 1, except where directly stated otherwise.

Taking into account the uncertainty in the distance to M85,
as derived in this work (µ0 = 30.99 ± 0.19 mag; see Sect. 3.4),
we estimate a peak luminosity of SN 2020nlb to be (1.09+0.26

−0.17) ×
1043 erg s−1. Sand et al. (2021) derive a peak bolometric lumi-
nosity of ∼1 × 1043 erg s−1. This is consistent with our value,
although there are some differences in how the two values were
obtained. For example, Sand et al. (2021) account for the NIR
flux in a different way, use a larger distance to M85, and assume
no host reddening.

After obtaining the peak bolometric luminosity and the bolo-
metric rise time of SN 2020nlb (17.2 ± 0.3 d), Equation (2)
can be used to compute the 56Ni mass, which we derive to be
0.52+0.13

−0.08 M�. As these calculations use the distance derived from
the SN light curve, they are fundamentally linked to the SN Ia
standardisation process, and to a substantial degree, will effec-
tively be typical parameters for a supernova with this ∆m15(B).
If we instead use, for example, the independent distance mod-
ulus of µ0 = 31.26 ± 0.05 (Mei et al. 2007) derived using the
SBF method, this would increase the distance modulus by nearly

0.3 mag. This would have a large effect on the derived 56Ni mass,
increasing it to M56Ni = 0.65+0.11

−0.04 M�. As previously noted, the
calculated 56Ni mass of 0.52+0.13

−0.08 M� assumes that α = 1. If for
example, we instead take α = 1.2 (Branch 1992), then the 56Ni
mass would be 0.44+0.11

−0.07 M�. Finally, we can give a general M56Ni
value which includes an uncertainty where α can be anywhere
between 1 and 1.2, which results in 0.48+0.12

−0.08 M�.
The maximum light spectra of SN 2020nlb have quite a

strong Si ii 5972 Å line, indicating a temperature on the lower
side of the normal SN Ia distribution, as would be expected for
a SN Ia with a lower luminosity than an average normal SN Ia.
This is not very compatible with a peak of MB ∼ −19.4 mag
and 56Ni mass in excess of 0.6 M� that would be implied using
the SBF distance under the assumption that the parameter α =
1. Therefore, as well as the light-curve fitting, the spectra of
SN 2020nlb, combined with the estimated bolometric flux at
maximum light, favour a distance to M85 lower than the SBF-
derived value. If there is no host galaxy extinction, only the
Galactic E(B − V) = 0.026 mag, the SBF distance modulus of
µ0 = 31.26 ± 0.05 would imply MB = −19.20 and 56Ni mass
of 0.61 ± 0.03 M�. This still seems on the high side given the
spectroscopic evolution of SN 2020nlb, but given the implied
56Ni mass would fall to 0.51 ± 0.02 M� if α = 1.2, it does
then become reconcilable. Therefore we cannot definitively say
that SN 2020nlb is incompatible with the SBF-derived distance
modulus.

4. Spectroscopy

The spectroscopic evolution of SN 2020nlb around peak bright-
ness is typical of a normal SN Ia. However, our early high
S/N spectroscopic follow-up probes epochs rarely observed
in SNe Ia. In the subsequent analysis and discussion of the
photospheric-phase spectra, we therefore focus primarily on
these earliest times.

4.1. Spectroscopic evolution

Our first two spectra, by the LT and NOT, were taken just 0.05 d
apart (rounded to 2.6 and 2.7 d after first light respectively). The
slightly later NOT spectrum has both superior S/N and broader
wavelength coverage. We therefore focus our analysis of the
earliest times on this NOT spectrum. The spectrum was taken
when the SN was still 4.9 mag fainter than B-band maximum.
The spectrum shows low excitation lines, including strong Fe ii
absorption, as well as Ti ii absorption features, which are more
typically associated with 1991bg-like or transitional SNe Ia. It is
similar to the earliest spectrum of SN 2015F (Fraser et al. 2015;
Cartier et al. 2017). The early-time spectrum of SN 2020nlb is
very different to the early spectra of SN 2011fe (Nugent et al.
2011). These comparisons are shown in Fig. 6. The cool spec-
trum of SN 2020nlb persists for a few days, meaning an uncer-
tainty in the true explosion time would be unable to explain
the differences between SN 2020nlb and SN 2011fe. At 2.7 d
after the estimated time of first light, our first NOT spectrum of
SN 2020nlb is among the earliest high-quality spectra taken of
a SN Ia. Our initial spectroscopic sequence, which is shown in
Fig. 7, begins 16.1 d prior to B-band maximum and ends 24.7 d
after that peak.

In the first spectrum, the Ca ii NIR triplet absorption feature
extends to very high velocities and merges with the absorption
features corresponding to O i 7773 Å and Mg ii 7889 Å. The
initial Si ii 6355 Å velocity is measured at 14 900 ± 100 km s−1
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spectrum is an unidentified feature, which we determine is not likely to be C ii (see discussion in text).

(this velocity is derived from the minimum of the absorption fea-
ture). At these times there is lower flux in the region between the
5972 and 6355 Å Si ii lines. It is possible that this is caused by
high-velocity Si or another species. Given the strength of the
Fe ii lines in other parts of the spectrum, Fe ii likely signifi-
cantly influences this region (see discussion in Sect. 4.2). Our
spectroscopic sequence begins very early, so a Ca ii NIR triplet
high-velocity feature (HVF) would be expected to be present,
whereas prominent Si ii HVFs are less common (Benetti et al.
2005; Mazzali et al. 2005). We measure the velocity of O i at
the same epoch to be 14 900 ± 100 km s−1 and Mg ii to be
15 200 ± 100 km s−1.

The Si ii velocity evolution is shown in Fig 8. In order to
map the Ca ii NIR velocity evolution, and the HVF in particular,
we fit Gaussian profiles to the line. The HVF and photospheric-
velocity feature (PVF) are fit as two separate features. Each of
the two features are fit as three Gaussian profiles, corresponding
to Ca ii 8498, 8542 and 8662 Å, with both the width and veloc-
ities of the three lines fixed (in velocity space) with respect to
each other. In the fitting process, the relative strengths of the indi-
vidual 8498, 8542 and 8662 Å lines within each component are
permitted to vary between that expected from the log gf values
and unity. The velocity evolution of both the Ca ii NIR HVF and
PVF are shown in Fig. 8. The early t = −16.1 d spectrum (2.7 d
after first light) yields a best-fit velocity of 25 800 km s−1 for the
HVF. The blue edge of the Ca ii NIR feature is at a considerably
higher velocity than this. It is not possible to accurately measure
this, due to that end of the feature being blended with Mg ii and
O i, however we find that Ca ii remains the strongest component
of this blended feature out to a velocity of 33 000 km s−1. The
best-fit velocity of the Ca ii NIR HVF falls to 19 300 km s−1 by
t = −9.1 d, when the second ALFOSC spectrum was taken. We
can see some early evolution of the Ca ii NIR HVF by examin-
ing the red end of the SPRAT spectra taken between these two
ALFOSC spectra (see Fig. 7). Due to the more limited wave-

length coverage, the full Gaussian fitting described above is not
possible. Nonetheless, it can be seen that by t = −13.1 d, the
velocity of the blue edge of the feature has already fallen sub-
stantially, as in the t = −13.1 d SPRAT spectrum, it is now
clearly separate from the neighbouring O i 7773 Å and Mg ii
7889 Å that it had been merged with at the earliest epochs. We
can see from Fig. 8 that the velocity evolution of the Ca iiNIR
HVF in SN 2020nlb is consistent with that of SN 2011fe, show-
ing a very rapid fall in velocity at early phases, before effectively
plateauing from ∼10 d prior to maximum light. This is in con-
trast to the shallower and more prolonged Ca iiNIR HVF decline
in SN 2012fr (Silverman et al. 2015). The Ca ii NIR HVF also
weakens quite rapidly with time, and by the spectrum taken 4.2 d
prior to maximum light, the HVF is weak in comparison to the
photospheric component of the line. Despite the Ca iiNIR HVF
being strong at early times, SN 2020nlb does not show unam-
biguous signs of a Si ii HVF (but it may be present, see discus-
sion in Sect. 4.2). The same is true for SN 2011fe and SN 2015F,
unlike the more luminous SN 2012fr, which shows strong HVF
of both Si ii and Ca ii (Childress et al. 2013).

We find a Si ii velocity gradient of 50± 5 km s−1 day−1 and a
maximum-light Si ii velocity of 10 750±50 km s−1. The SN is in
the low-velocity gradient classification of Benetti et al. (2005).
In the spectrum taken shortly after maximum light, we measure
the equivalent widths of the Si ii 5972 and 6355 Å lines to be 24
and 116 Å respectively. These measurements place SN 2020nlb
near the border of the ‘core-normal’ and ‘broad-lined’ SNe Ia
in the classification scheme of Branch et al. (2006) and it is
in the ‘normal’ classification of Wang et al. (2009a, see also
Blondin et al. 2012).

Our spectroscopic sequence of SN 2020nlb shows no clear
evidence of the C ii 6580 Å line. In the first ALFOSC spec-
trum, there does appear to be a weak absorption feature atop
of the peak reward of the Si ii 6355 Å absorption feature. How-
ever, if this was C ii, it would imply a velocity of ∼9000 km s−1,
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extremely low with respect to the velocities seen in the main
absorption spectrum (e.g. Si ii, Fe ii; ∼15 000 km s−1) at this
time. This would be lower even than the Si ii velocity at maxi-
mum light, and difficult to reconcile. There does however appear
to be an absorption line an the approximate position that would
be expected for C ii 7234 Å. This must presumably be another
species if the 6580 Å line is absent, unless it is the case that the
6580 Å line is sufficiently hidden by other features such as Si ii
and Fe ii.

Heringer et al. (2019) explored the effect that various carbon
mass fractions in the velocity range of 7850−16 000 km s−1 has
on the pre-maximum spectra of SNe Ia. For the inner portion
of this velocity range, even a fairly small C mass fraction can

create a C ii 6580 feature that is clearly visible. However for
the higher part of this velocity range (13 500−16 000 km s−1),
the lack of a clear C ii feature is less constraining. Given the
complication of the feature being near the Si ii line, it does not
seem implausible that a C mass fraction of up to 0.01 could be
present in this velocity range of the ejecta without a clear indica-
tion in the optical spectra. It is worth noting that in a cool early
spectrum with strong absorption from singly ionised metal lines,
as is the case for SN 2020nlb, there is also potential ambiguity
near C ii 6580 Å. For example, Fe ii and Ti ii can also produce
absorption in the same vicinity. The presence and strength of the
C ii lines will also depend on the ionisation of the carbon, which
will be lower for lower-luminosity SNe Ia (Dessart et al. 2014).
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4.2. Spectral fitting

We use SYNAPPS SN spectral fitting code (Thomas et al. 2011)
to analyse our spectra, focusing in particular on the earliest NOT
spectrum. Our fit is shown in Fig. 9, with line identifications
for many of the strongest features in the synthetic spectrum also
shown. SYNAPPS uses simple assumptions of the ejecta structure
and line formation to produce synthetic spectra. The contribu-
tions of different ions can then be fit iteratively to the data for
a given SN. Such codes do not yield the quantitative abundance
estimates that are possible with radiative transfer codes. How-
ever, they are useful for detecting the presence of different ions
and from that a qualitative understanding of the overall ionisa-
tion and excitation of the SN ejecta.

As mentioned earlier, there is a lack of flux between the
Si ii 5972 and 6355 Å lines in the first spectrum. There is pos-
sibility that this is due to a Si ii 6355 Å HVF. This possible
HVF of Si ii 6355 Å would be at ∼24 000 km s−1. This would
be around 2000 km s−1 offset from the Ca ii HVF, but substan-
tial differences between the Si and Ca HVF velocities would
not be particularly unusual (see e.g. Silverman et al. 2015). We
also note that the PVF of the two ions are offset. This is not a
secure identification, as the feature could be from low-excitation
species that quickly disappears as the spectrum becomes hot-
ter on the rise to peak. Given the strength of the Fe ii fea-
tures in this early spectrum, Fe ii 6148 Å likely contributes
significantly to this line, although our SYNAPPS fitting of the
whole spectrum indicates that it may not be strong enough to
be the sole species responsible for the line. The SYNAPPS fits
indicate O i 6157 Å should not make a substantial contribu-
tion. One possibility could be Ca i Multiplet 3 (6102, 6122,
6162 Å), which could produce a feature here, and has been iden-
tified in spectra of SN 1991bg-like SNe Ia near maximum light
(Garnavich et al. 2004; Doull & Baron 2011). At this very early
epoch, the spectrum of SN 2020nlb actually shows many simi-
larities to a SN 1991bg-like SN Ia near maximum light (with the
obvious exception of the much higher velocities), and the ionisa-
tion balance of the ejecta in the line-forming region is probably
not so different. However, it is difficult to make an identification
with any confidence because of the fact that the other strong Ca i

optical lines are mainly at the blue end of the spectrum, where
there will be degeneracies with other species in the fitting due to
the heavy line blanketing from multiple overlapping species at
this epoch. We stress that SYNAPPS simply shows that Ca i itself
does not produce any lines that would be inconsistent with the
early spectrum, it is not able to assess the plausibility of differ-
ent ions being present in the ejecta and their relative strengths.
We also note that due to the heavy line blanketing at the blue
end of the spectrum from a multitude of overlapping lines, there
are likely to be substantial degeneracies between the strengths of
different ions. Any ion that does not have a strong feature red-
wards of 4500 Å would be especially susceptible to this.

We briefly discussed earlier the feature that may correspond
to C ii 7234 Å, but for that identification to be correct, it would
have to be the case that the 6580 Å line is sufficiently hidden by
other features such as Si ii and Fe ii. At least within our SYNAPPS
fitting, we are unable to successfully do this. Whenever the C ii
7234 Å line is sufficiently strong within the fitting to match the
actual spectrum, a clear C ii 6580 Å line is also produced, which
is not visible in the spectrum.

The S ii ‘W’ feature (5460 and 5640 Å) is not obvious at
the earliest times. There are two weak absorption troughs in the
vicinity, with the approximate spacing expected for the two com-
ponents of the S ii ‘W’, but if these are indeed S ii, it would be
at a velocity ∼12 500 km s−1, substantially lower than the other
isolated lines at the same epoch, Si ii, O i and Mg ii, which
are all at ∼15 000 km s−1, and the PVF of Ca ii at this time is
∼16 700 km s−1.

The fitted ions need to suppress the flux in the 3400−3500 Å
range, corresponding to the region blue-wards of the Ca iiH & K
HVF. This requirement can be seen by comparing the early spec-
tra of SN 2020nlb to SN 2011fe in Fig. 6, where the Ca iiNIR
features are broadly similar in the two SNe, yet the region blue-
wards of Ca iiH & K rises in flux for SN 2011fe, but is still
almost completely suppressed in SN 2020nlb. In addition, the
flux in the remainder of the u′ band, 3100−3400 Å, must also
be fairly low if it is to match the observed u′-band photometry
at the epoch. The u′-band photometry is shown in Fig. 9, and
the synthetic spectrum is extrapolated to the blue edge of the
u′ band (using the ion fits from the rest of the spectrum). We
can see that the synthetic photometry of our SYNAPPS fit to the
first spectrum is consistent with the actual u′-band photometry
at the same epoch. In addition to Ca ii and Si ii, the blue end
of the spectrum is dominated by multiple overlapping lines of
IGEs. Our SYNAPPS fitting shows that the spectrum can be repli-
cated by including Fe ii, Ti ii, Cr ii, Sc ii and Ni ii. As previ-
ously stated, it is possible to use Ca i to account for the feature
between the 5972 and 6355 Å Si ii lines, but that identification is
speculative. We observe an absorption line at 6720 Å, which was
identified as either Al ii or high-velocity C ii in SN 2015F by
Cartier et al. (2017). Some models predict Al ii features in early
SN Ia spectra (Blondin et al. 2015), so its presence here at early
epochs would not be a surprise, and we use this in our fits.

From the ions included in the fitting, there is no clear indica-
tion as to the identification of the relatively weak line at ∼6390 Å
(the line labelled as ‘?’ in Fig. 6). It is only unambiguously
detected in the first spectrum, and has clearly disappeared three
days later, in the t = −13.1 d spectrum. It therefore must presum-
ably be either from a species only present in the outer ejecta, or
from a low-excitation line.

There is substantial evolution of the broad 4800 Å complex
between t = −13.1 d and t = −9.1 d, where it transitions from
being dominated by metal lines, particularly Fe ii, to being more
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Fig. 10. Our ALFOSC, LRS, and FORS2 nebular spectra of SN 2020nlb, with the phase with respect to the B-band maximum indicated.

strongly influenced by Si ii and S ii. This will primarily be due
to a move towards higher temperatures. The observable ejecta at
this earliest epoch will be largely uncontaminated by iron syn-
thesised in the explosion, as the IGEs will be primarily located
at deeper layers, and only a small faction (<1%) of the 56Ni will
have decayed to iron in any case. In addition to contributing more

to the 4800 feature, the S ii ‘W’ feature also becomes much
clearer between these epochs. The spectra between t = −9.1 d
and t = −4.2 d are broadly similar. Changes between these
epochs include a clearer Si iii 4559 Å feature. Comparing the
t = −16.1 d and t = +6.8 d ALFOSC spectra of SN 2020nlb in
Fig. 7, the dominant features are not dissimilar, with the obvious
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exception of the much higher velocities in the earlier spectrum.
At t = +6.8 d and onwards, the spectrum becomes increasingly
dominated by IGE lines, as is expected for a SN Ia.

4.3. Nebular spectroscopy

We obtained a sequence of spectra as SN 2020nlb entered the
nebular phase, through to about one year after maximum. We
then obtained a very late nebular spectrum of the SN at 594 d
after peak. Our nebular spectra are shown in Fig. 10. Very few
SNe Ia have nebular spectroscopy at such late epochs. One SN Ia
that does have such late observations is SN 2011fe. In addition,
a few SNe Ia have been observed spectroscopically at very late
phases, but the flux at those times has been dominated by a light
echo of the explosion, rather that the ejecta itself (e.g. SN 1991T
and SN 1998bu; Schmidt et al. 1994; Cappellaro et al. 2001).

Our very late spectrum of SN 2020nlb is compared to
SN 2011fe at a similar phase in Fig. 11, which shows the two
spectra to be very similar at this epoch. The [Fe iii] lines, which
were previously very prominent, have by this point disappeared,
as the iron in the ejecta has shifted to lower ionisation. This
shift in ionisation has been suggested as being due to clumping
in the ejecta (Mazzali et al. 2020; Tucker et al. 2022; see also
Wilk et al. 2020). As well as the disappearance of [Fe iii], there
are some other changes to the spectrum, including a substan-
tial red-ward shift of the line previously around 4300 Å, with
the line now being centred around 4420 Å, suggesting another
species is contributing to the flux. This shift was also seen in
SN 2011fe and has been suggested as being due to [Fe i] emis-
sion. Fransson & Jerkstrand (2015) suggested the blue Fe com-
plex in SN 2011fe was primarily [Fe i] emission by 1000 d after
peak, with [Fe ii] only making a relatively small contribution.

The (B − V) colour evolution of SN 2011fe and SN 2020nlb
are compared in Fig. 12. To minimise systematics, we re-
calculate maximum light parameters from the published photom-
etry (data from Zhang et al. 2016) in exactly the same manner as
we did for SN 2020nlb, yielding ∆m15(B) = 1.14 ± 0.02 mag
for SN 2011fe. So with ∆m15(B) = 1.28 ± 0.02 mag, the decline
shown by SN 2020nlb is faster than that of SN 2011fe. The
most striking difference in the colours is the very early time
observations, where SN 2020nlb is substantially redder than
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Fig. 12. (B − V) colour of SN 2020nlb compared to SN 2011fe
(Zhang et al. 2016), the two SN Ia with very late nebular spectroscopy.
The colours have been reddening corrected.

SN 2011fe. This is reflected in the spectral features, where
SN 2020nlb shows a cooler spectrum and the blue end is
dominated by absorption from singly ionised metals, whereas
SN 2011fe shows more prominent IME features even at the ear-
liest times.

In Fig. 13, we show the flux ratio between the regions
4550−4850 Å and 4200−4500 Å, where the first listed region
is dominated by [Fe iii] and the second range is dominated
by [Fe ii] emission typical of SN Ia nebular spectra at around
200–400 d after maximum light. Therefore one would expect
a higher (4550−4850)/(4200−4500) flux ratio when the ejecta
were at higher ionisation. Only spectroscopically normal SNe Ia
are included in the plot. For these objects, ∆m15(B) is a rela-
tively good proxy for the 56Ni mass, which is not necessarily
the case for some over-luminous peculiar SNe Ia. Additionally,
some sub-luminous peculiar SNe Ia show much narrower neb-
ular lines than normal SNe Ia (e.g. SN 1991bg; Turatto et al.
1996). Figure 13 shows this ratio with respect to the epoch after
peak brightness for various spectroscopically normal SNe Ia (see
Table D.1 for parameters of each SN). It is difficult to get accu-
rate uncertainties on the measured ratios, as the main source of
error will be differences in the calibration, and the spectra come
from many different sources and instruments. By looking at the
SNe with multiple measurements in the 200–300 day range,
the scatter in these suggests a 5% error would be a reasonable
approximation for the typical error on individual measurements
of the flux ratio. From the figure, some trends are apparent:

1. Generally, slower declining (and thus more lumi-
nous) SNe Ia appear to generally have a higher
(4550−4850) Å/(4200−4500) Å flux ratio.

2. This is not the case for SN 2003hv, which at ∆m15(B) =
1.61 mag is the fastest fading SN in the plot, yet it exhibited
the highest ratio of all.

3. The best observed SNe with multiple spectra after 300 d
(SN 2011fe, SN 2012fr, SN 2013aa, SN 2020nlb) all show a
decline in the flux ratio around the 300 to 400 d period.

There is a general trend where SNe with lower ∆m15(B) val-
ues (i.e. higher 56Ni yields) have higher ionisation in the neb-
ular phase up to one year after peak. A big outlier in this
trend is SN 2003hv, with ∆m15(B) = 1.61 mag, but very high
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[Fe iii]/[Fe ii] ratio. The high ionisation seen in this particular
SN in the nebular phase has been noted in the literature and it
has been suggested as being due to lower density and possibly
originating from a sub-MCh explosion (Mazzali et al. 2011).

We also measured the (4550−4850) Å/(7000−7300) Å flux
ratio. Here the flux in the region 7000–7300 Å replaces the
4200–4500 Å region as a proxy for the Fe ii emission. This
[Fe ii] line is near [Ni ii], and can also can become heav-
ily contaminated by [Ca ii] (see e.g. Fransson & Jerkstrand
2015). The feature is also weaker in comparison to the blue
[Fe ii] line. We see there is more scatter in the measure-
ments, even for multiple observations taken at similar times
of the same SN, which is presumably due to calibration dif-
ferences (the (4550−4850)/(4200−4500) line ratio uses neigh-
bouring lines, so for those measurements, differences in the
calibration would have to be more extreme to produce a large
scatter). However, the overall picture does not look too dis-
similar to the other line ratio, where the SNe with the highest
line ratio tend to be slower fading. A plateau of an approxi-
mately constant line ratio out to around 300 d is not apparent for
the (4550−4850) Å/(7000−7300) Å ratio. With the larger scat-
ter, this would be more difficult to discern anyway, but it is
possible the apparent plateau that seems to be present in the
(4550−4850) Å/(4200−4500) Å ratio could be being influenced
by weak permitted Fe ii lines still being present in the early part
of the timeframe we show in Fig. 13 (see e.g. Black et al. 2016),
as this would have more of an effect on the blue lines.

We also examined the emission line around 5500 Å, which
is due to be a blend of [Fe ii] and [Fe iii], and we measured the
ratio to the [Fe iii] 4700 Å line. In comparison to the two previ-
ously discussed ratios, this ratio appeared more similar between
SNe Ia of differing ∆m15(B) values, and any differences in the
first 300–400 days appear to be largely lost in the scatter that
we see for single SN with multiple spectra. This might be due to
the ratio effectively being [Fe iii]/([Fe ii]+[Fe iii]), so the differ-
ences/evolution will be more subtle than that is seen for a more
direct [Fe iii]/[Fe ii].

The fact there appears to be a general trend of lower
[Fe iii]/[Fe ii] flux ratio being found in objects with higher
∆m15(B) values, but there is a notable outlier at the very high
end of the included ∆m15(B) distribution is interesting. This
could indicate that there exists a majority population of SNe Ia
that fall into a distribution where the ionisation of the central
regions of the ejecta is positively correlated with the 56Ni yield
of the explosion. In this scenario, the outlier of this distribu-
tion, SN 2003hv, could have something fundamentally different
about the makeup of the central regions of the ejecta, possibly
related to the explosion mechanism. As previously suggested for
SN 2003hv (Mazzali et al. 2011), an obvious difference could be
a substantially lower density for the central portions of the ejecta
in objects such as this, as lower density inhibits recombination
and thus produces a higher ionisation balance. Another potential
reason could be the degree to which 56Ni is mixed in the inner
layers. Blondin et al. (2022) have suggested that highly mixed
inner regions could yield a higher ionisation balance of IGEs
in the nebular phase. It would be worthwhile obtaining nebu-
lar spectroscopy of normal SNe Ia with ∆m15(B) values at the
high end of the distribution, to see if the high ionisation seen
in SN 2003hv is common among SNe Ia that have these high
∆m15(B) values, or if SN 2003hv is still an outlier even among
these.

5. Comparison to explosion models

When considering the thermonuclear explosion of a carbon-
oxygen white dwarf (WD), there are two ways the burning can
propagate: in a super-sonic detonation or a sub-sonic deflagra-
tion. The nature of the burning products depend on the density
of the material, with high densities leading to the WD mate-
rial being completely burnt to IGEs. In a detonation, the mate-
rial cannot expand prior to being reached by the burning front.
Given the high densities of a MCh WD, the detonation of such a
WD would lead to the ejecta being made up almost entirely of
IGEs (Arnett et al. 1971). As normal SNe Ia synthesise a large
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amount of IMEs (e.g. Mazzali et al. 2007, Tanaka et al. 2011),
the detonation of a near-MCh WD is not the favoured mechanism
for producing them. Instead there must be sufficient material at
lower densities than those found in a near-MCh WD. The two
currently favoured models are the detonation of a sub-MCh WD
(Woosley & Weaver 1994; Sim et al. 2010) or the delayed det-
onation of a near-MCh WD (Khokhlov 1991a). In the first sce-
nario, the lower densities arise from the lower mass of the WD,
and in the second scenario they come from the flame initially
propagating as a sub-sonic deflagration (allowing some expan-
sion of the WD), before a detonation is triggered. There are
then several different scenarios within these two primary mech-
anisms, considering, for example, how the sub-MCh WD explo-
sion is triggered or how the near-MCh deflagration-to-detonation
transition is triggered.

Given that the luminosity of a SN Ia is powered by the
nuclear decay of 56Ni and its daughter isotope 56Co, the mass
of 56Ni synthesised in the explosion and its distribution within
the ejecta can produce much of the diversity seen in the
normal SN Ia population. Both of the two primary explosion
mechanism candidates discussed above are plausibly able to
reproduce many of the observables seen in SNe Ia, including the
range of peak brightnesses (e.g. Hoeflich et al. 1995, Sim et al.
2010, Blondin et al. 2013, Magee et al. 2018, Shen et al. 2018).
Shortly after explosion, different explosion models and progeni-
tor configurations are often predicted to produce substantial dif-
ferences in observable features, even if the model predictions
have largely converged by the time the SN approaches peak
brightness (e.g. Noebauer et al. 2017). Given how early our first
spectrum and multi-colour photometry were taken after explo-
sion, it is therefore worth comparing our data to some of these
models.

Dessart et al. (2014, see also Blondin et al. 2013) present a
series of models exploring two types of delayed detonation. One
was a ‘standard’ delayed detonation (DDC), where the burn-
ing front initially propagates as a deflagration before transition-
ing to a detonation. Another was a pulsating delayed detonation
(PDD). In this model, the burning again begins as a deflagra-
tion, but if the deflagration velocity is low, the flame can poten-
tially be quenched, and the WD undergo a strong pulsation,
triggering the detonation (see e.g. Khokhlov 1991b). We com-
pare one of each of these two MCh explosion mechanisms from
Dessart et al. (2014) to our observations of SN 2020nlb. The
prompt detonation of a ∼1 M� WD could potentially produce
a similar amount of 56Ni that we estimate was synthesised in
SN 2020nlb (Sim et al. 2010; Moll et al. 2014; Shen et al. 2018).
As well as the MCh models from Dessart et al. (2014), we also
compare our observations of SN 2020nlb to the prompt detona-
tion of a MWD = 1.06 M� WD (Sim et al. 2010; Noebauer et al.
2017).

We first compare to light curve models in Fig. 14. Here we
used the DDC15 and PDDEL4 MCh model spectral sequences
published by Blondin et al. (2013) and Dessart et al. (2014). The
DDC15 and PDDEL4 models produced 0.511 and 0.529 M� of
56Ni respectively (Dessart et al. 2014). These spectral sequences
were then integrated using filter response curves that match
our SN 2020nlb observations. For the sub-MCh comparison,
we use the early light curve of the MWD = 1.06 M�
WD detonation from Noebauer et al. (2017), which produced
0.56 M� of 56Ni. In addition to these explosion models we
also compared the early light curve and colours to the 56Ni
distribution models from Magee et al. (2020). We show the
EXP_Ni0.6_KE1.10_P9.7 model from Magee et al. (2020) in
Fig. 14. This EXP_Ni0.6_KE1.10_P9.7 model matches the
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Fig. 14. Light curve and colours of SN 2020nlb (corrected for extinc-
tion) compared to models. The dashed and dotted lines represent the
delayed detonation DDC15 and pulsating delayed detonation PDDEL4
models from Dessart et al. (2014) respectively. The solid lines show the
EXP_Ni0.6_KE1.10_P9.7 model from Magee et al. (2020). The dot-
dash lines show early BV photometry for a MWD = 1.06 M� detonation
(Noebauer et al. 2017). The time axis is shown in log space to make
early-time variations clearer.

colour evolution of SN 2020nlb quite well. Note also that the
(u−g) comparison is only approximate. Magee et al. (2020) pub-
lished U-band photometry for their models, rather than u-band,
and the only correction we make here before plotting the model
is to convert from the Vega to the AB magnitude system.

In Fig. 15, we compare select spectra of SN 2020nlb to the
DDC15 and PDDEL4 models published by Blondin et al. (2013)
and Dessart et al. (2014). Given these models have only been
matched to the approximate 56Ni yield of SN 2020nlb, both the
DDC and PDD models produce a fairly good match from the
t = −4 d spectrum onwards. The two models also produce rea-
sonably similar spectra during these times. One noticeable dif-
ference is the Si ii 6355 Å line extending to higher velocities
in the DDC model, whereas the line profile of the PDD model
matches the SN 2020nlb data well. Dessart et al. (2014) noted in
their comparisons between their models and data, that while the
DDC models produce a Si ii 6355 Å feature that well matches
SNe Ia with broader lines (see also Blondin et al. 2015), it does
not match well to SN 2011fe. From the early light-curve fitting,
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from the model sequence, but the spectrum taken nearest to the post-first light time of our data for SN 2020nlb. The time after first light (rather
than time with respect to peak) of each SN 2020nlb spectrum is indicated.

we estimated that our first NOT spectrum of SN 2020nlb was
taken 2.7 days after first light. At this epoch there are large dif-
ferences between SN 2020nlb and the two models, as well as
the two models being very different from each other. It is worth
noting that the time of first light we determined for SN 2020nlb
could be offset from the true explosion date: 1) if there was a
significant dark phase, or 2) if there was a linear rise in the light
curve at the earliest epochs. These two unknowns could poten-
tially move the true explosion date earlier or later than our first
light date respectively.

From the first comparison epoch it appears the PDD model
is too blue and the DDC model has too much line blanketing at
<4300 Å. Another substantial difference is the presence of strong
C ii absorption in the PDD model, which is displayed neither
by the DDC model or SN 2020nlb. The MWD = 1.06 M� sub-
MCh detonation model from Sim et al. (2010) appears to match
SN 2020nlb quite well from around 1 week prior to peak, but the
spectral sequence for that model does not stretch to the earliest
phases we have for SN 2020nlb, precluding a comparison with
the early data.

6. Conclusions and summary

In this work we have presented observations of the nearby SN Ia
SN 2020nlb, residing in the Virgo Cluster member M85. We
briefly summarise the work below:
1. We estimate that SN 2020nlb was discovered just 2 days

after first light. The early-time light curve, beginning 0.7 d
after discovery, shows no clear evidence of a bump, and the
early photometry in each optical filter is well described by
a power-law rise. We find that fitting the data for each filter
with a power-law rise yields t0 values that agree well, indi-
cating that cross-filter systematic uncertainties in derived t0
values are low, with the possible exception of the u′ band.

2. With ∆m15(B) = 1.28±0.02 mag, SN 2020nlb declines faster
than the average ‘normal’ SN Ia, implying it has a lower
luminosity than the typical normal SN Ia. We find it to be
photometrically and spectroscopically similar to SN 2015F.

3. Our first spectrum was taken 16.1 d prior to B-band maxi-
mum, 2.6 d after first light, and shows strong features from
singly ionised metals such as Fe ii and Ti ii, along with the
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usual Si ii features. It is very different to the early spectra
of SN 2011fe. No clear C ii 6580 Å line is detected at any
epoch.

4. A nebular spectrum taken 594 d after maximum light shows
that the previously strong [Fe iii] emission line had disap-
peared, with the ionisation balance of the ejecta falling. This
transition to lower ionisation appears to be already underway
around 1 yr after maximum light.

5. Comparing the flux ratio of the regions of the nebular spec-
trum dominated by [Fe iii] and [Fe ii] indicates that, among
spectroscopically-normal SNe Ia, more luminous objects
tend to show higher ionisation in the nebular phase. There
is however a notable outlier in SN 2003hv.

6. Using the multi-colour light curves of SN 2020nlb, we esti-
mate the distance modulus of M85 to be µ0 = 30.99 ±
0.19 mag, corresponding to a distance of 15.8+1.4

−1.3 Mpc.

Acknowledgements. We thank the anonymous referee for comments on this
paper. We also thank M. Tucker for correspondence, and S. Blondin for pro-
viding data, that helped find that an archival nebular spectrum used in an ear-
lier version of this paper had been incorrectly labelled in the literature. This
work is based on observations obtained with the Liverpool Telescope (LT),
Nordic Optical Telescope (NOT), Galileo National Telescope (TNG), Very
Large Telescope (VLT) and Schmidt Telescope. The LT is operated on the
island of La Palma by Liverpool John Moores University in the Spanish Obser-
vatorio del Roque de los Muchachos (ORM) of the Instituto de Astrofisica
de Canarias (IAC) with financial support from the UK Science and Technol-
ogy Facilities Council. The NOT is owned in collaboration by the University
of Turku and Aarhus University, and operated jointly by Aarhus University,
the University of Turku and the University of Oslo, representing Denmark,
Finland and Norway, the University of Iceland and Stockholm University at
the Observatorio del Roque de los Muchachos, La Palma, Spain, of the Insti-
tuto de Astrofisica de Canarias. The NOT data presented here were obtained
with ALFOSC, which is provided by the Instituto de Astrofisica de Andalu-
cia (IAA) under a joint agreement with the University of Copenhagen and
NOTSA. The TNG is operated on the island of La Palma by the Fundación
Galileo Galilei of the INAF (Istituto Nazionale di Astrofisica) at the Span-
ish ORM of the IAC. The VLT observations were collected at the European
Organisation for Astronomical Research in the Southern Hemisphere under ESO
programme 108.22P1 (PI: Williams). The Schmidt Telescope (Asiago, Italy)
belongs to INAF-Osservatorio Astronomico di Padova. This work made use of
WISeREP (Yaron & Gal-Yam 2012). R. Kotak acknowledges support from the
Research Council of Finland (340613). S. Mattila acknowledges support from
the Academy of Finland project 350458. P. Lundqvist acknowledges support
from the Swedish Research Council. A. Fiore acknowledges the support by the
State of Hesse within the Research Cluster ELEMENTS (Project ID 500/10.006).
M. D. Stritzinger is funded by the Independent Research Fund Denmark (IRFD,
grant number 10.46540/2032-00022B ). S. Moran acknowledges support from
the Magnus Ehrnrooth Foundation and the Vilho, Yrjö, and Kalle Väisälä Foun-
dation. I. Salmaso acknowledges support by the doctoral grant funded by Istituto
Nazionale di Astrofisica via the University of Padova and the Italian Ministry of
Education, University and Research (MIUR) and by fundings from MIUR, PRIN
2017 (grant 20179ZF5KS).

References
Alam, S., Albareti, F. D., Allende Prieto, C., et al. 2015, ApJS, 219, 12
Anupama, G. C., Sahu, D. K., & Jose, J. 2005, A&A, 429, 667
Appenzeller, I., Fricke, K., Fürtig, W., et al. 1998, The Messenger, 94, 1
Arnett, W. D. 1982a, ApJ, 254, 1
Arnett, W. D. 1982b, ApJ, 253, 785
Arnett, W. D., Truran, J. W., & Woosley, S. E. 1971, ApJ, 165, 87
Bellm, E. C., Kulkarni, S. R., Graham, M. J., et al. 2019, PASP, 131, 018002
Benetti, S., Cappellaro, E., Mazzali, P. A., et al. 2005, ApJ, 623, 1011
Bertola, F. 1962, Mem. Soc. Astron. Ital., 33, 77
Bertola, F. 1964, AJ, 69, 236
Black, C. S., Fesen, R. A., & Parrent, J. T. 2016, MNRAS, 462, 649
Blondin, S., Matheson, T., Kirshner, R. P., et al. 2012, AJ, 143, 126
Blondin, S., Dessart, L., Hillier, D. J., & Khokhlov, A. M. 2013, MNRAS, 429,

2127
Blondin, S., Dessart, L., & Hillier, D. J. 2015, MNRAS, 448, 2766
Blondin, S., Bravo, E., Timmes, F. X., Dessart, L., & Hillier, D. J. 2022, A&A,

660, A96

Branch, D. 1992, ApJ, 392, 35
Branch, D., Doggett, J. B., Nomoto, K., & Thielemann, F. K. 1985, ApJ, 294,

619
Branch, D., Dang, L. C., Hall, N., et al. 2006, PASP, 118, 560
Brown, P. J., Breeveld, A., Roming, P. W. A., & Siegel, M. 2016, AJ, 152, 102
Burns, C. R., Stritzinger, M., Phillips, M. M., et al. 2011, AJ, 141, 19
Burns, C. R., Parent, E., Phillips, M. M., et al. 2018, ApJ, 869, 56
Burns, C. R., Ashall, C., Contreras, C., et al. 2020, ApJ, 895, 118
Cao, Y., Kulkarni, S. R., Howell, D. A., et al. 2015, Nature, 521, 328
Cappellaro, E., Patat, F., Mazzali, P. A., et al. 2001, ApJ, 549, L215
Cardelli, J. A., Clayton, G. C., & Mathis, J. S. 1989, ApJ, 345, 245
Cartier, R., Sullivan, M., Firth, R. E., et al. 2017, MNRAS, 464, 4476
Chambers, K. C., Magnier, E. A., Metcalfe, N., et al. 2016, ArXiv e-prints

[arXiv:1612.05560]
Childress, M. J., Scalzo, R. A., Sim, S. A., et al. 2013, ApJ, 770, 29
Childress, M. J., Hillier, D. J., Seitenzahl, I., et al. 2015, MNRAS, 454, 3816
Childress, M. J., Tucker, B. E., Yuan, F., et al. 2016, PASA, 33, e055
Ciardullo, R. 2012, Ap&SS, 341, 151
Colgate, S. A., & McKee, C. 1969, ApJ, 157, 623
Contreras, C., Phillips, M. M., Burns, C. R., et al. 2018, ApJ, 859, 24
Dessart, L., Blondin, S., Hillier, D. J., & Khokhlov, A. 2014, MNRAS, 441, 532
de Vaucouleurs, G., de Vaucouleurs, A., Corwin, Herold G., J., , et al. 1991, Third

Reference Catalogue of Bright Galaxies (New York, NY, USA: Springer)
Dimitriadis, G., Foley, R. J., Rest, A., et al. 2019, ApJ, 870, L1
Doull, B. A., & Baron, E. 2011, PASP, 123, 765
Fiore, A., Fraser, M., Kotak, R., et al. 2020, Transient Name Server AstroNote,

127, 1
Firth, R. E., Sullivan, M., Gal-Yam, A., et al. 2015, MNRAS, 446, 3895
Foley, R. J., Challis, P. J., Filippenko, A. V., et al. 2012, ApJ, 744, 38
Foley, R. J., Hoffmann, S. L., Macri, L. M., et al. 2020, MNRAS, 491, 5991
Fransson, C., & Jerkstrand, A. 2015, ApJ, 814, L2
Fraser, M., Smith, M., Firth, R., et al. 2015, ATel, 7209, 1
Ganeshalingam, M., Li, W., Filippenko, A. V., et al. 2010, ApJS, 190, 418
Garnavich, P. M., Bonanos, A. Z., Krisciunas, K., et al. 2004, ApJ, 613, 1120
Gómez, G., & López, R. 1998, AJ, 115, 1096
Graham, M. L., Kumar, S., Hosseinzadeh, G., et al. 2017, MNRAS, 472, 3437
Heringer, E., van Kerkwijk, M. H., Sim, S. A., Kerzendorf, W. E., & Graham,

M. L. 2019, ApJ, 871, 250
Hillebrandt, W., & Niemeyer, J. C. 2000, ARA&A, 38, 191
Hoeflich, P., Khokhlov, A. M., & Wheeler, J. C. 1995, ApJ, 444, 831
Holmbo, S., Stritzinger, M. D., Shappee, B. J., et al. 2019, A&A, 627, A174
Hosseinzadeh, G., Sand, D. J., Valenti, S., et al. 2017, ApJ, 845, L11
Hoyle, F., & Fowler, W. A. 1960, ApJ, 132, 565
Hsiao, E. Y., Burns, C. R., Contreras, C., et al. 2015, A&A, 578, A9
Iben, I. Jr., & Tutukov, A. V. 1984, ApJS, 54, 335
Jacoby, G. H., Ciardullo, R., & Ford, H. C. 1990, ApJ, 356, 332
Jha, S., Garnavich, P. M., Kirshner, R. P., et al. 1999, ApJS, 125, 73
Jordi, K., Grebel, E. K., & Ammon, K. 2006, A&A, 460, 339
Kasen, D. 2010, ApJ, 708, 1025
Khokhlov, A. M. 1991a, A&A, 245, 114
Khokhlov, A. M. 1991b, A&A, 245, L25
Kotak, R., Meikle, W. P. S., Pignata, G., et al. 2005, A&A, 436, 1021
Leloudas, G., Stritzinger, M. D., Sollerman, J., et al. 2009, A&A, 505, 265
Lira, P., Suntzeff, N. B., Phillips, M. M., et al. 1998, AJ, 115, 234
Magee, M. R., & Maguire, K. 2020, A&A, 642, A189
Magee, M. R., Sim, S. A., Kotak, R., & Kerzendorf, W. E. 2018, A&A, 614,

A115
Magee, M. R., Maguire, K., Kotak, R., et al. 2020, A&A, 634, A37
Maguire, K., Sim, S. A., Shingles, L., et al. 2018, MNRAS, 477, 3567
Marion, G. H., Brown, P. J., Vinkó, J., et al. 2016, ApJ, 820, 92
Matheson, T., Kirshner, R. P., Challis, P., et al. 2008, AJ, 135, 1598
Mazzali, P. A., Benetti, S., Altavilla, G., et al. 2005, ApJ, 623, L37
Mazzali, P. A., Röpke, F. K., Benetti, S., & Hillebrandt, W. 2007, Science, 315,

825
Mazzali, P. A., Maurer, I., Stritzinger, M., et al. 2011, MNRAS, 416, 881
Mazzali, P. A., Sullivan, M., Hachinger, S., et al. 2014, MNRAS, 439, 1959
Mazzali, P. A., Sullivan, M., Filippenko, A. V., et al. 2015, MNRAS, 450, 2631
Mazzali, P. A., Bikmaev, I., Sunyaev, R., et al. 2020, MNRAS, 494, 2809
Mei, S., Blakeslee, J. P., Côté, P., et al. 2007, ApJ, 655, 144
Miller, A. A., Magee, M. R., Polin, A., et al. 2020, ApJ, 898, 56
Moll, R., Raskin, C., Kasen, D., & Woosley, S. E. 2014, ApJ, 785, 105
Munari, U., Henden, A., Belligoli, R., et al. 2013, New A, 20, 30
Noebauer, U. M., Kromer, M., Taubenberger, S., et al. 2017, MNRAS, 472, 2787
Nugent, P. E., Sullivan, M., Cenko, S. B., et al. 2011, Nature, 480, 344
Oke, J. B. 1990, AJ, 99, 1621
Pan, Y. C., Foley, R. J., Kromer, M., et al. 2015, MNRAS, 452, 4307
Pankey, T. Jr. 1962, PhD Thesis, Howard University, Washington DC, USA
Pastorello, A., Mazzali, P. A., Pignata, G., et al. 2007, MNRAS, 377, 1531

A135, page 16 of 22

http://linker.aanda.org/10.1051/0004-6361/202348130/1
http://linker.aanda.org/10.1051/0004-6361/202348130/2
http://linker.aanda.org/10.1051/0004-6361/202348130/3
http://linker.aanda.org/10.1051/0004-6361/202348130/4
http://linker.aanda.org/10.1051/0004-6361/202348130/5
http://linker.aanda.org/10.1051/0004-6361/202348130/6
http://linker.aanda.org/10.1051/0004-6361/202348130/7
http://linker.aanda.org/10.1051/0004-6361/202348130/8
http://linker.aanda.org/10.1051/0004-6361/202348130/9
http://linker.aanda.org/10.1051/0004-6361/202348130/10
http://linker.aanda.org/10.1051/0004-6361/202348130/11
http://linker.aanda.org/10.1051/0004-6361/202348130/12
http://linker.aanda.org/10.1051/0004-6361/202348130/13
http://linker.aanda.org/10.1051/0004-6361/202348130/13
http://linker.aanda.org/10.1051/0004-6361/202348130/14
http://linker.aanda.org/10.1051/0004-6361/202348130/15
http://linker.aanda.org/10.1051/0004-6361/202348130/15
http://linker.aanda.org/10.1051/0004-6361/202348130/16
http://linker.aanda.org/10.1051/0004-6361/202348130/17
http://linker.aanda.org/10.1051/0004-6361/202348130/17
http://linker.aanda.org/10.1051/0004-6361/202348130/18
http://linker.aanda.org/10.1051/0004-6361/202348130/19
http://linker.aanda.org/10.1051/0004-6361/202348130/20
http://linker.aanda.org/10.1051/0004-6361/202348130/21
http://linker.aanda.org/10.1051/0004-6361/202348130/22
http://linker.aanda.org/10.1051/0004-6361/202348130/23
http://linker.aanda.org/10.1051/0004-6361/202348130/24
http://linker.aanda.org/10.1051/0004-6361/202348130/25
http://linker.aanda.org/10.1051/0004-6361/202348130/26
https://arxiv.org/abs/1612.05560
http://linker.aanda.org/10.1051/0004-6361/202348130/28
http://linker.aanda.org/10.1051/0004-6361/202348130/29
http://linker.aanda.org/10.1051/0004-6361/202348130/30
http://linker.aanda.org/10.1051/0004-6361/202348130/31
http://linker.aanda.org/10.1051/0004-6361/202348130/32
http://linker.aanda.org/10.1051/0004-6361/202348130/33
http://linker.aanda.org/10.1051/0004-6361/202348130/34
http://linker.aanda.org/10.1051/0004-6361/202348130/35
http://linker.aanda.org/10.1051/0004-6361/202348130/35
http://linker.aanda.org/10.1051/0004-6361/202348130/36
http://linker.aanda.org/10.1051/0004-6361/202348130/37
http://linker.aanda.org/10.1051/0004-6361/202348130/38
http://linker.aanda.org/10.1051/0004-6361/202348130/38
http://linker.aanda.org/10.1051/0004-6361/202348130/39
http://linker.aanda.org/10.1051/0004-6361/202348130/40
http://linker.aanda.org/10.1051/0004-6361/202348130/41
http://linker.aanda.org/10.1051/0004-6361/202348130/42
http://linker.aanda.org/10.1051/0004-6361/202348130/43
http://linker.aanda.org/10.1051/0004-6361/202348130/44
http://linker.aanda.org/10.1051/0004-6361/202348130/45
http://linker.aanda.org/10.1051/0004-6361/202348130/46
http://linker.aanda.org/10.1051/0004-6361/202348130/47
http://linker.aanda.org/10.1051/0004-6361/202348130/48
http://linker.aanda.org/10.1051/0004-6361/202348130/49
http://linker.aanda.org/10.1051/0004-6361/202348130/50
http://linker.aanda.org/10.1051/0004-6361/202348130/51
http://linker.aanda.org/10.1051/0004-6361/202348130/52
http://linker.aanda.org/10.1051/0004-6361/202348130/53
http://linker.aanda.org/10.1051/0004-6361/202348130/54
http://linker.aanda.org/10.1051/0004-6361/202348130/55
http://linker.aanda.org/10.1051/0004-6361/202348130/56
http://linker.aanda.org/10.1051/0004-6361/202348130/57
http://linker.aanda.org/10.1051/0004-6361/202348130/58
http://linker.aanda.org/10.1051/0004-6361/202348130/59
http://linker.aanda.org/10.1051/0004-6361/202348130/60
http://linker.aanda.org/10.1051/0004-6361/202348130/61
http://linker.aanda.org/10.1051/0004-6361/202348130/62
http://linker.aanda.org/10.1051/0004-6361/202348130/63
http://linker.aanda.org/10.1051/0004-6361/202348130/64
http://linker.aanda.org/10.1051/0004-6361/202348130/65
http://linker.aanda.org/10.1051/0004-6361/202348130/66
http://linker.aanda.org/10.1051/0004-6361/202348130/66
http://linker.aanda.org/10.1051/0004-6361/202348130/67
http://linker.aanda.org/10.1051/0004-6361/202348130/68
http://linker.aanda.org/10.1051/0004-6361/202348130/69
http://linker.aanda.org/10.1051/0004-6361/202348130/70
http://linker.aanda.org/10.1051/0004-6361/202348130/71
http://linker.aanda.org/10.1051/0004-6361/202348130/72
http://linker.aanda.org/10.1051/0004-6361/202348130/72
http://linker.aanda.org/10.1051/0004-6361/202348130/73
http://linker.aanda.org/10.1051/0004-6361/202348130/74
http://linker.aanda.org/10.1051/0004-6361/202348130/75
http://linker.aanda.org/10.1051/0004-6361/202348130/76
http://linker.aanda.org/10.1051/0004-6361/202348130/77
http://linker.aanda.org/10.1051/0004-6361/202348130/78
http://linker.aanda.org/10.1051/0004-6361/202348130/79
http://linker.aanda.org/10.1051/0004-6361/202348130/80
http://linker.aanda.org/10.1051/0004-6361/202348130/81
http://linker.aanda.org/10.1051/0004-6361/202348130/82
http://linker.aanda.org/10.1051/0004-6361/202348130/83
http://linker.aanda.org/10.1051/0004-6361/202348130/84
http://linker.aanda.org/10.1051/0004-6361/202348130/86


Williams, S. C., et al.: A&A, 685, A135 (2024)

Patat, F., Cordiner, M. A., Cox, N. L. J., et al. 2013, A&A, 549, A62
Pereira, R., Thomas, R. C., Aldering, G., et al. 2013, A&A, 554, A27
Perlmutter, S., Aldering, G., Goldhaber, G., et al. 1999, ApJ, 517, 565
Phillips, M. M. 1993, ApJ, 413, L105
Piascik, A. S., Steele, I. A., Bates, S. D., et al. 2014, SPIE Conf. Ser., 9147, 8
Pierce, M. J., Ressler, M. E., & Shure, M. S. 1992, ApJ, 390, L45
Pignata, G., Patat, F., Benetti, S., et al. 2004, MNRAS, 355, 178
Piro, A. L., & Morozova, V. S. 2016, ApJ, 826, 96
Polin, A., Nugent, P., & Kasen, D. 2019, ApJ, 873, 84
Poznanski, D., Prochaska, J. X., & Bloom, J. S. 2012, MNRAS, 426, 1465
Riess, A. G., Press, W. H., & Kirshner, R. P. 1996, ApJ, 473, 88
Riess, A. G., Filippenko, A. V., Challis, P., et al. 1998, AJ, 116, 1009
Sand, D. J., Sarbadhicary, S. K., Pellegrino, C., et al. 2021, ApJ, 922, 21
Schlafly, E. F., & Finkbeiner, D. P. 2011, ApJ, 737, 103
Schmidt, B. P., Kirshner, R. P., Leibundgut, B., et al. 1994, ApJ, 434, L19
Scolnic, D. M., Jones, D. O., Rest, A., et al. 2018, ApJ, 859, 101
Shappee, B. J., Holoien, T. W. S., Drout, M. R., et al. 2019, ApJ, 870, 13
Shen, K. J., Kasen, D., Miles, B. J., & Townsley, D. M. 2018, ApJ, 854, 52
Silverman, J. M., Foley, R. J., Filippenko, A. V., et al. 2012, MNRAS, 425, 1789
Silverman, J. M., Ganeshalingam, M., & Filippenko, A. V. 2013, MNRAS, 430,

1030
Silverman, J. M., Vinkó, J., Marion, G. H., et al. 2015, MNRAS, 451, 1973
Sim, S. A., Röpke, F. K., Hillebrandt, W., et al. 2010, ApJ, 714, L52
Simon, J. D., Gal-Yam, A., Penprase, B. E., et al. 2007, ApJ, 671, L25
Smith, R., & Steele, I. 2017, LT Telescope and IO: O Throughput, https://
doi.org/10.6084/m9.figshare.4659421.v1

Stahl, B. E., Zheng, W., de Jaeger, T., et al. 2020, MNRAS, 492, 4325
Stanishev, V., Goobar, A., Benetti, S., et al. 2007, A&A, 469, 645
Steele, I. A., Smith, R. J., Rees, P. C., et al. 2004, SPIE Conf. Ser., 5489, 679
Stehle, M., Mazzali, P. A., Benetti, S., & Hillebrandt, W. 2005, MNRAS, 360,

1231

Stritzinger, M., & Leibundgut, B. 2005, A&A, 431, 423
Stritzinger, M., Mazzali, P. A., Sollerman, J., & Benetti, S. 2006, A&A, 460,

793
Stritzinger, M. D., Shappee, B. J., Piro, A. L., et al. 2018, ApJ, 864, L35
Tanaka, M., Mazzali, P. A., Stanishev, V., et al. 2011, MNRAS, 410, 1725
Taubenberger, S. 2017, in The Extremes of Thermonuclear Supernovae, eds.

A. W. Alsabti, & P. Murdin, 317
Thomas, R. C., Nugent, P. E., & Meza, J. C. 2011, PASP, 123, 237
Tody, D. 1986, in Instrumentation in astronomy VI, ed. D. L. Crawford, SPIE

Conf. Ser., 627, 733
Tonry, J. L., Stubbs, C. W., Lykke, K. R., et al. 2012, ApJ, 750, 99
Tonry, J. L., Denneau, L., Heinze, A. N., et al. 2018, PASP, 130, 064505
Townsend, A., Smith, K. W., Srivastav, S., et al. 2020, Transient Name Server

AstroNote, 126, 1
Tripp, R. 1998, A&A, 331, 815
Tucker, M. A., Ashall, C., Shappee, B. J., et al. 2022, ApJ, 926, L25
Turatto, M., Benetti, S., Cappellaro, E., et al. 1996, MNRAS, 283, 1
Wang, X., Filippenko, A. V., Ganeshalingam, M., et al. 2009a, ApJ, 699, L139
Wang, X., Li, W., Filippenko, A. V., et al. 2009b, ApJ, 697, 380
Webbink, R. F. 1984, ApJ, 277, 355
Whelan, J., & Iben, I., Jr 1973, ApJ, 186, 1007
Wilk, K. D., Hillier, D. J., & Dessart, L. 2020, MNRAS, 494, 2221
Williams, S. C., Kotak, R., Mazzali, P. A., et al. 2020, Transient Name Server

Classification Report, 2020-1934, 1
Woosley, S. E., & Weaver, T. A. 1994, ApJ, 423, 371
Yaron, O., & Gal-Yam, A. 2012, PASP, 124, 668
Zhai, Q., Zhang, J.-J., Wang, X.-F., et al. 2016, AJ, 151, 125
Zhang, T., Wang, X., Li, W., et al. 2010, PASP, 122, 1
Zhang, K., Wang, X., Zhang, J., et al. 2016, ApJ, 820, 67
Zheng, W., Silverman, J. M., Filippenko, A. V., et al. 2013, ApJ, 778, L15
Zheng, W., Shivvers, I., Filippenko, A. V., et al. 2014, ApJ, 783, L24

A135, page 17 of 22

http://linker.aanda.org/10.1051/0004-6361/202348130/87
http://linker.aanda.org/10.1051/0004-6361/202348130/88
http://linker.aanda.org/10.1051/0004-6361/202348130/89
http://linker.aanda.org/10.1051/0004-6361/202348130/90
http://linker.aanda.org/10.1051/0004-6361/202348130/91
http://linker.aanda.org/10.1051/0004-6361/202348130/92
http://linker.aanda.org/10.1051/0004-6361/202348130/93
http://linker.aanda.org/10.1051/0004-6361/202348130/94
http://linker.aanda.org/10.1051/0004-6361/202348130/95
http://linker.aanda.org/10.1051/0004-6361/202348130/96
http://linker.aanda.org/10.1051/0004-6361/202348130/97
http://linker.aanda.org/10.1051/0004-6361/202348130/98
http://linker.aanda.org/10.1051/0004-6361/202348130/99
http://linker.aanda.org/10.1051/0004-6361/202348130/100
http://linker.aanda.org/10.1051/0004-6361/202348130/101
http://linker.aanda.org/10.1051/0004-6361/202348130/102
http://linker.aanda.org/10.1051/0004-6361/202348130/103
http://linker.aanda.org/10.1051/0004-6361/202348130/104
http://linker.aanda.org/10.1051/0004-6361/202348130/105
http://linker.aanda.org/10.1051/0004-6361/202348130/106
http://linker.aanda.org/10.1051/0004-6361/202348130/106
http://linker.aanda.org/10.1051/0004-6361/202348130/107
http://linker.aanda.org/10.1051/0004-6361/202348130/108
http://linker.aanda.org/10.1051/0004-6361/202348130/109
https://doi.org/10.6084/m9.figshare.4659421.v1
https://doi.org/10.6084/m9.figshare.4659421.v1
http://linker.aanda.org/10.1051/0004-6361/202348130/111
http://linker.aanda.org/10.1051/0004-6361/202348130/112
http://linker.aanda.org/10.1051/0004-6361/202348130/113
http://linker.aanda.org/10.1051/0004-6361/202348130/114
http://linker.aanda.org/10.1051/0004-6361/202348130/114
http://linker.aanda.org/10.1051/0004-6361/202348130/115
http://linker.aanda.org/10.1051/0004-6361/202348130/116
http://linker.aanda.org/10.1051/0004-6361/202348130/116
http://linker.aanda.org/10.1051/0004-6361/202348130/117
http://linker.aanda.org/10.1051/0004-6361/202348130/118
http://linker.aanda.org/10.1051/0004-6361/202348130/119
http://linker.aanda.org/10.1051/0004-6361/202348130/120
http://linker.aanda.org/10.1051/0004-6361/202348130/121
http://linker.aanda.org/10.1051/0004-6361/202348130/121
http://linker.aanda.org/10.1051/0004-6361/202348130/122
http://linker.aanda.org/10.1051/0004-6361/202348130/123
http://linker.aanda.org/10.1051/0004-6361/202348130/124
http://linker.aanda.org/10.1051/0004-6361/202348130/124
http://linker.aanda.org/10.1051/0004-6361/202348130/125
http://linker.aanda.org/10.1051/0004-6361/202348130/126
http://linker.aanda.org/10.1051/0004-6361/202348130/127
http://linker.aanda.org/10.1051/0004-6361/202348130/128
http://linker.aanda.org/10.1051/0004-6361/202348130/129
http://linker.aanda.org/10.1051/0004-6361/202348130/130
http://linker.aanda.org/10.1051/0004-6361/202348130/131
http://linker.aanda.org/10.1051/0004-6361/202348130/132
http://linker.aanda.org/10.1051/0004-6361/202348130/133
http://linker.aanda.org/10.1051/0004-6361/202348130/133
http://linker.aanda.org/10.1051/0004-6361/202348130/134
http://linker.aanda.org/10.1051/0004-6361/202348130/135
http://linker.aanda.org/10.1051/0004-6361/202348130/136
http://linker.aanda.org/10.1051/0004-6361/202348130/137
http://linker.aanda.org/10.1051/0004-6361/202348130/138
http://linker.aanda.org/10.1051/0004-6361/202348130/139
http://linker.aanda.org/10.1051/0004-6361/202348130/140


Williams, S. C., et al.: A&A, 685, A135 (2024)

Appendix A: Possible tension with the power-law
rise

Fig. A.1 shows the first few days of our multi-colour photom-
etry and the power-law fits to the data, along with two non-
detections. As can be seen from the figure, the earlier of the two
non-detections, taken in the ATLAS-cyan filter (approximately
like a g + r filter) does not really help constrain the earliest rise,
as from the power-law fits, we would expect the SN to have been
much fainter than that upper limit at that epoch. So that point
only really rules out a strong early bump at that portion of the
light curve.

The later of the two upper limits was taken using the Itagaki
Astronomical Observatory’s 0.35 m telescope (Sand et al. 2021),
and SN 2020nlb was not detected down to a limiting magnitude
of 18.5 at 59024.57 MJD. Our power-law fits to our multi-colour
early data, would predict the SN to be fainter than this in several
filters, but brighter in the central region of the optical, with a V
and r′ magnitude of ∼ 18.2. This raises the possibility that the
initial rise of the SN may have been more rapid than we esti-
mate from the power-law fits, which if true, would in turn likely
mean the real first-light date may have been slightly later than
we estimate.
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Fig. A.1. Early light curve of SN 2020nlb shown in apparent magni-
tude scale. The coloured dashed lines represent the power-law fits to the
earlier data described in the main text. The earlier upper limit is in the
ATLAS-cyan filter, and the second later upper limit is from the Itagaki
Astronomical Observatory’s 0.35 m telescope reported in Sand et al.
(2021). No offset has been applied to any of the photometric data here,
so it is easier to visually interpret the upper limits, which are in different
filters to the detections.

Appendix B: Photometry

Table B.1. Optical photometry of SN 2020nlb taken with the LT, NOT,
and the 67/91 Schmidt Telescope.

MJD t [days] Instrument Filter Magnitude

59025.94 -16.12 LT/IO:O u′ 18.76 ± 0.04
59026.87 -15.20 Schmidt u′ 17.58 ± 0.10
59026.93 -15.13 LT/IO:O u′ 17.61 ± 0.04
59028.87 -13.20 Schmidt u′ 15.80 ± 0.07
59028.94 -13.13 LT/IO:O u′ 15.64 ± 0.06
59029.90 -12.17 LT/IO:O u′ 14.89 ± 0.03
59030.93 -11.14 LT/IO:O u′ 14.26 ± 0.03
59031.92 -10.16 LT/IO:O u′ 13.77 ± 0.04
59032.90 -9.18 LT/IO:O u′ 13.41 ± 0.09
59033.89 -8.19 LT/IO:O u′ 13.15 ± 0.03
59034.89 -7.20 LT/IO:O u′ 13.01 ± 0.06
59035.89 -6.20 Schmidt u′ 12.84 ± 0.09
59035.90 -6.19 LT/IO:O u′ 12.98 ± 0.03
59036.89 -5.20 LT/IO:O u′ 12.76 ± 0.05
59037.86 -4.23 Schmidt u′ 12.81 ± 0.03
59038.86 -3.23 Schmidt u′ 12.78 ± 0.06
59039.91 -2.19 LT/IO:O u′ 12.68 ± 0.15
59040.91 -1.19 LT/IO:O u′ 12.66 ± 0.04
59041.91 -0.19 LT/IO:O u′ 12.69 ± 0.06
59043.90 1.79 LT/IO:O u′ 12.86 ± 0.04
59044.92 2.81 LT/IO:O u′ 12.98 ± 0.04
59049.94 7.82 NOT/ALFOSC u′ 13.54 ± 0.14
59050.89 8.77 LT/IO:O u′ 13.72 ± 0.05
59052.90 10.77 LT/IO:O u′ 13.98 ± 0.06
59054.89 12.76 LT/IO:O u′ 14.31 ± 0.04
59056.89 14.76 LT/IO:O u′ 14.63 ± 0.04
59059.90 17.75 LT/IO:O u′ 15.04 ± 0.15
59060.88 18.73 LT/IO:O u′ 15.21 ± 0.13
59064.88 22.72 LT/IO:O u′ 15.58 ± 0.08
59066.87 24.71 LT/IO:O u′ 15.71 ± 0.07
59070.87 28.70 LT/IO:O u′ 16.05 ± 0.09
59073.86 31.68 LT/IO:O u′ 16.16 ± 0.16
59163.27 120.88 LT/IO:O u′ 18.29 ± 0.10
59172.25 129.84 LT/IO:O u′ 18.50 ± 0.05
59189.22 146.77 LT/IO:O u′ 18.92 ± 0.16
59194.23 151.77 LT/IO:O u′ 19.00 ± 0.07
59201.23 158.75 LT/IO:O u′ 19.17 ± 0.05
59206.16 163.67 LT/IO:O u′ 19.13 ± 0.07
59233.14 190.58 NOT/ALFOSC u′ 19.65 ± 0.07
59257.12 214.51 LT/IO:O u′ 20.13 ± 0.09
59025.94 -16.12 LT/IO:O g′ 16.60 ± 0.01
59026.88 -15.19 Schmidt g′ 15.75 ± 0.02
59026.93 -15.14 LT/IO:O g′ 15.71 ± 0.02
59028.88 -13.19 Schmidt g′ 14.49 ± 0.01
59028.94 -13.13 LT/IO:O g′ 14.43 ± 0.02
59029.90 -12.17 LT/IO:O g′ 14.01 ± 0.02
59030.93 -11.14 LT/IO:O g′ 13.61 ± 0.02
59031.92 -10.16 LT/IO:O g′ 13.26 ± 0.04
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Table B.1. continued.

MJD t [days] Instrument Filter Magnitude

59032.90 -9.18 LT/IO:O g′ 12.96 ± 0.06
59033.89 -8.19 LT/IO:O g′ 12.76 ± 0.07
59034.89 -7.20 LT/IO:O g′ 12.63 ± 0.05
59035.89 -6.20 LT/IO:O g′ 12.43 ± 0.06
59036.89 -5.20 LT/IO:O g′ 12.35 ± 0.02
59037.88 -4.21 Schmidt g′ 12.27 ± 0.01
59038.88 -3.22 Schmidt g′ 12.17 ± 0.02
59039.91 -2.19 LT/IO:O g′ 12.12 ± 0.02
59040.91 -1.19 LT/IO:O g′ 12.08 ± 0.02
59041.91 -0.19 LT/IO:O g′ 12.10 ± 0.03
59044.92 2.81 LT/IO:O g′ 12.15 ± 0.02
59049.94 7.82 NOT/ALFOSC g′ 12.41 ± 0.08
59050.89 8.77 LT/IO:O g′ 12.40 ± 0.04
59052.90 10.77 LT/IO:O g′ 12.56 ± 0.03
59054.89 12.76 LT/IO:O g′ 12.75 ± 0.04
59056.89 14.76 LT/IO:O g′ 12.93 ± 0.07
59059.90 17.75 LT/IO:O g′ 13.23 ± 0.07
59060.88 18.74 LT/IO:O g′ 13.29 ± 0.07
59064.88 22.72 LT/IO:O g′ 13.69 ± 0.04
59066.88 24.72 LT/IO:O g′ 13.87 ± 0.04
59070.87 28.70 LT/IO:O g′ 14.11 ± 0.03
59073.86 31.68 LT/IO:O g′ 14.34 ± 0.17
59075.86 33.68 LT/IO:O g′ 14.46 ± 0.05
59163.27 120.88 LT/IO:O g′ 16.04 ± 0.01
59172.25 129.84 LT/IO:O g′ 16.20 ± 0.02
59189.22 146.77 LT/IO:O g′ 16.48 ± 0.01
59194.24 151.77 LT/IO:O g′ 16.55 ± 0.01
59201.24 158.76 LT/IO:O g′ 16.66 ± 0.01
59206.17 163.67 LT/IO:O g′ 16.76 ± 0.02
59212.14 169.63 LT/IO:O g′ 16.86 ± 0.01
59233.15 190.59 NOT/ALFOSC g′ 17.09 ± 0.03
59257.13 214.51 LT/IO:O g′ 17.52 ± 0.01
59262.08 219.46 LT/IO:O g′ 17.65 ± 0.05
59268.04 225.40 LT/IO:O g′ 17.69 ± 0.02
59291.10 248.40 NOT/ALFOSC g′ 17.97 ± 0.05
59314.03 271.28 NOT/ALFOSC g′ 18.29 ± 0.03
59322.92 280.15 NOT/ALFOSC g′ 18.39 ± 0.03
59353.00 310.15 NOT/ALFOSC g′ 18.88 ± 0.02
59367.92 325.04 NOT/ALFOSC g′ 19.16 ± 0.04
59411.89 368.90 LT/IO:O g′ 19.75 ± 0.08
59025.91 -16.15 LT/IO:O r′ 16.32 ± 0.01
59025.94 -16.12 LT/IO:O r′ 16.29 ± 0.02
59026.88 -15.19 Schmidt r′ 15.56 ± 0.02
59026.91 -15.16 LT/IO:O r′ 15.52 ± 0.01
59026.93 -15.14 LT/IO:O r′ 15.49 ± 0.05
59028.88 -13.19 Schmidt r′ 14.40 ± 0.01
59028.90 -13.17 LT/IO:O r′ 14.38 ± 0.03

Table B.1. continued.

MJD t [days] Instrument Filter Magnitude

59028.92 -13.14 LT/IO:O r′ 14.37 ± 0.03
59028.94 -13.13 LT/IO:O r′ 14.36 ± 0.02
59029.89 -12.19 LT/IO:O r′ 13.95 ± 0.02
59029.90 -12.17 LT/IO:O r′ 13.95 ± 0.01
59030.90 -11.17 LT/IO:O r′ 13.56 ± 0.02
59030.93 -11.14 LT/IO:O r′ 13.56 ± 0.02
59031.94 -10.14 LT/IO:O r′ 13.24 ± 0.01
59032.90 -9.18 LT/IO:O r′ 13.00 ± 0.02
59033.89 -8.19 LT/IO:O r′ 12.79 ± 0.07
59034.89 -7.20 LT/IO:O r′ 12.61 ± 0.03
59035.89 -6.20 LT/IO:O r′ 12.50 ± 0.02
59036.89 -5.20 LT/IO:O r′ 12.36 ± 0.01
59037.88 -4.21 Schmidt r′ 12.33 ± 0.01
59038.88 -3.21 Schmidt r′ 12.26 ± 0.01
59039.86 -2.23 Schmidt r′ 12.19 ± 0.02
59039.90 -2.20 LT/IO:O r′ 12.19 ± 0.02
59040.91 -1.18 LT/IO:O r′ 12.16 ± 0.03
59041.89 -0.21 LT/IO:O r′ 12.15 ± 0.02
59044.92 2.81 LT/IO:O r′ 12.15 ± 0.04
59049.94 7.82 NOT/ALFOSC r′ 12.40 ± 0.08
59050.89 8.77 LT/IO:O r′ 12.40 ± 0.02
59051.90 9.77 LT/IO:O r′ 12.48 ± 0.02
59052.90 10.77 LT/IO:O r′ 12.56 ± 0.01
59056.90 14.76 LT/IO:O r′ 12.75 ± 0.04
59057.89 15.75 LT/IO:O r′ 12.75 ± 0.03
59058.88 16.74 LT/IO:O r′ 12.78 ± 0.02
59059.86 17.72 LT/IO:O r′ 12.79 ± 0.14
59060.88 18.74 LT/IO:O r′ 12.82 ± 0.04
59064.88 22.72 LT/IO:O r′ 12.96 ± 0.03
59066.88 24.72 LT/IO:O r′ 13.05 ± 0.02
59070.87 28.70 LT/IO:O r′ 13.31 ± 0.06
59073.86 31.68 LT/IO:O r′ 13.53 ± 0.08
59075.86 33.68 LT/IO:O r′ 13.71 ± 0.10
59163.28 120.88 LT/IO:O r′ 16.54 ± 0.01
59172.25 129.84 LT/IO:O r′ 16.80 ± 0.02
59189.22 146.77 LT/IO:O r′ 17.25 ± 0.02
59194.24 151.77 LT/IO:O r′ 17.37 ± 0.03
59201.24 158.76 LT/IO:O r′ 17.54 ± 0.01
59206.17 163.68 LT/IO:O r′ 17.66 ± 0.03
59212.14 169.63 LT/IO:O r′ 17.81 ± 0.02
59225.15 182.61 Schmidt r′ 18.24 ± 0.08
59233.15 190.59 NOT/ALFOSC r′ 18.21 ± 0.03
59257.13 214.51 LT/IO:O r′ 18.81 ± 0.02
59262.08 219.46 LT/IO:O r′ 19.08 ± 0.15
59268.04 225.40 LT/IO:O r′ 19.05 ± 0.03
59291.10 248.40 NOT/ALFOSC r′ 19.43 ± 0.03
59314.03 271.28 NOT/ALFOSC r′ 19.77 ± 0.03
59322.93 280.15 NOT/ALFOSC r′ 19.89 ± 0.04
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Table B.1. continued.

MJD t [days] Instrument Filter Magnitude

59353.00 310.15 NOT/ALFOSC r′ 20.39 ± 0.04
59367.92 325.04 NOT/ALFOSC r′ 20.77 ± 0.09
59411.89 368.90 LT/IO:O r′ 21.33 ± 0.34
59025.94 -16.12 LT/IO:O i′ 16.86 ± 0.02
59026.88 -15.18 Schmidt i′ 15.97 ± 0.03
59026.93 -15.14 LT/IO:O i′ 15.98 ± 0.03
59028.89 -13.18 Schmidt i′ 14.68 ± 0.01
59028.93 -13.13 LT/IO:O i′ 14.71 ± 0.03
59029.90 -12.17 LT/IO:O i′ 14.25 ± 0.02
59030.93 -11.14 LT/IO:O i′ 13.85 ± 0.01
59031.92 -10.15 LT/IO:O i′ 13.53 ± 0.04
59032.90 -9.18 LT/IO:O i′ 13.25 ± 0.05
59033.89 -8.19 LT/IO:O i′ 13.09 ± 0.05
59034.89 -7.19 LT/IO:O i′ 12.95 ± 0.03
59035.89 -6.20 LT/IO:O i′ 12.83 ± 0.02
59036.89 -5.20 LT/IO:O i′ 12.76 ± 0.02
59037.88 -4.21 Schmidt i′ 12.69 ± 0.01
59038.88 -3.21 Schmidt i′ 12.67 ± 0.01
59039.87 -2.23 Schmidt i′ 12.69 ± 0.02
59039.91 -2.19 LT/IO:O i′ 12.73 ± 0.02
59040.91 -1.18 LT/IO:O i′ 12.73 ± 0.02
59041.91 -0.19 LT/IO:O i′ 12.79 ± 0.03
59043.90 1.79 LT/IO:O i′ 12.83 ± 0.04
59044.92 2.81 LT/IO:O i′ 12.87 ± 0.03
59049.94 7.82 NOT/ALFOSC i′ 13.08 ± 0.02
59050.89 8.77 LT/IO:O i′ 13.16 ± 0.03
59052.90 10.77 LT/IO:O i′ 13.31 ± 0.03
59054.89 12.76 LT/IO:O i′ 13.32 ± 0.04
59056.90 14.76 LT/IO:O i′ 13.29 ± 0.04
59059.90 17.76 LT/IO:O i′ 13.23 ± 0.03
59060.88 18.74 LT/IO:O i′ 13.23 ± 0.02
59064.88 22.73 LT/IO:O i′ 13.22 ± 0.03
59066.88 24.72 LT/IO:O i′ 13.24 ± 0.04
59070.87 28.70 LT/IO:O i′ 13.44 ± 0.05
59073.86 31.68 LT/IO:O i′ 13.63 ± 0.17
59075.86 33.68 LT/IO:O i′ 13.83 ± 0.16
59163.28 120.89 LT/IO:O i′ 16.77 ± 0.01
59172.25 129.84 LT/IO:O i′ 17.00 ± 0.01
59189.22 146.77 LT/IO:O i′ 17.32 ± 0.02
59194.24 151.78 LT/IO:O i′ 17.47 ± 0.03
59201.24 158.76 LT/IO:O i′ 17.55 ± 0.02
59206.17 163.68 LT/IO:O i′ 17.61 ± 0.02
59212.14 169.63 LT/IO:O i′ 17.75 ± 0.02
59233.15 190.59 NOT/ALFOSC i′ 18.08 ± 0.03
59257.13 214.51 LT/IO:O i′ 18.38 ± 0.02
59262.08 219.46 LT/IO:O i′ 18.34 ± 0.12
59268.04 225.40 LT/IO:O i′ 18.49 ± 0.02
59291.10 248.41 NOT/ALFOSC i′ 18.87 ± 0.03
59314.03 271.28 NOT/ALFOSC i′ 19.11 ± 0.05
59322.93 280.15 NOT/ALFOSC i′ 19.23 ± 0.06
59353.00 310.16 NOT/ALFOSC i′ 19.61 ± 0.04
59367.92 325.04 NOT/ALFOSC i′ 19.87 ± 0.06
59411.89 368.90 LT/IO:O i′ 20.42 ± 0.19

Table B.1. continued.

MJD t [days] Instrument Filter Magnitude

59025.94 -16.12 LT/IO:O B 17.00 ± 0.02
59026.87 -15.19 Schmidt B 16.12 ± 0.05
59026.93 -15.13 LT/IO:O B 16.06 ± 0.03
59028.87 -13.20 Schmidt B 14.63 ± 0.03
59028.94 -13.13 LT/IO:O B 14.63 ± 0.02
59029.90 -12.17 LT/IO:O B 14.11 ± 0.03
59030.93 -11.14 LT/IO:O B 13.65 ± 0.03
59031.92 -10.16 LT/IO:O B 13.30 ± 0.02
59032.90 -9.18 LT/IO:O B 13.02 ± 0.03
59033.89 -8.19 LT/IO:O B 12.82 ± 0.03
59034.89 -7.20 LT/IO:O B 12.66 ± 0.02
59035.89 -6.20 LT/IO:O B 12.48 ± 0.04
59036.89 -5.20 LT/IO:O B 12.37 ± 0.02
59037.87 -4.22 Schmidt B 12.27 ± 0.03
59038.87 -3.22 Schmidt B 12.24 ± 0.03
59039.86 -2.23 Schmidt B 12.18 ± 0.03
59039.91 -2.19 LT/IO:O B 12.14 ± 0.02
59040.91 -1.19 LT/IO:O B 12.17 ± 0.02
59041.91 -0.19 LT/IO:O B 12.08 ± 0.03
59043.90 1.79 LT/IO:O B 12.16 ± 0.02
59044.92 2.81 LT/IO:O B 12.17 ± 0.03
59049.94 7.82 NOT/ALFOSC B 12.56 ± 0.07
59050.89 8.77 LT/IO:O B 12.65 ± 0.04
59052.90 10.77 LT/IO:O B 12.89 ± 0.02
59054.89 12.76 LT/IO:O B 13.16 ± 0.03
59056.89 14.76 LT/IO:O B 13.41 ± 0.02
59059.90 17.75 LT/IO:O B 13.78 ± 0.03
59060.88 18.73 LT/IO:O B 13.88 ± 0.02
59064.88 22.72 LT/IO:O B 14.26 ± 0.04
59066.87 24.72 LT/IO:O B 14.47 ± 0.02
59070.87 28.70 LT/IO:O B 14.74 ± 0.02
59073.86 31.68 LT/IO:O B 14.95 ± 0.07
59075.86 33.68 LT/IO:O B 15.03 ± 0.02
59163.27 120.88 LT/IO:O B 16.44 ± 0.02
59172.25 129.84 LT/IO:O B 16.59 ± 0.02
59189.22 146.77 LT/IO:O B 16.82 ± 0.02
59194.24 151.77 LT/IO:O B 16.95 ± 0.02
59201.24 158.76 LT/IO:O B 17.08 ± 0.03
59206.16 163.67 LT/IO:O B 17.12 ± 0.03
59212.14 169.63 LT/IO:O B 17.26 ± 0.03
59225.14 182.60 Schmidt B 17.50 ± 0.03
59233.14 190.59 NOT/ALFOSC B 17.58 ± 0.02
59257.13 214.51 LT/IO:O B 17.94 ± 0.03
59262.08 219.45 LT/IO:O B 17.94 ± 0.06
59268.04 225.40 LT/IO:O B 18.10 ± 0.04
59291.10 248.40 NOT/ALFOSC B 18.49 ± 0.02
59314.03 271.28 NOT/ALFOSC B 18.80 ± 0.01
59322.92 280.15 NOT/ALFOSC B 18.89 ± 0.02
59353.00 310.15 NOT/ALFOSC B 19.34 ± 0.03
59367.92 325.04 NOT/ALFOSC B 19.56 ± 0.03
59411.88 368.90 LT/IO:O B 20.45 ± 0.18
59025.94 -16.12 LT/IO:O V 16.34 ± 0.03
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Table B.1. continued.

MJD t [days] Instrument Filter Magnitude

59026.87 -15.19 Schmidt V 15.55 ± 0.02
59026.93 -15.14 LT/IO:O V 15.52 ± 0.03
59028.87 -13.19 Schmidt V 14.43 ± 0.02
59028.94 -13.13 LT/IO:O V 14.36 ± 0.03
59029.90 -12.17 LT/IO:O V 13.96 ± 0.01
59030.93 -11.14 LT/IO:O V 13.57 ± 0.04
59031.92 -10.16 LT/IO:O V 13.27 ± 0.04
59032.90 -9.18 LT/IO:O V 13.03 ± 0.02
59033.89 -8.19 LT/IO:O V 12.78 ± 0.09
59034.89 -7.20 LT/IO:O V 12.66 ± 0.18
59035.89 -6.20 LT/IO:O V 12.46 ± 0.06
59036.89 -5.20 LT/IO:O V 12.36 ± 0.06
59037.87 -4.22 Schmidt V 12.32 ± 0.03
59038.87 -3.22 Schmidt V 12.25 ± 0.03
59039.86 -2.23 Schmidt V 12.18 ± 0.02
59039.91 -2.19 LT/IO:O V 12.15 ± 0.04
59040.91 -1.19 LT/IO:O V 12.10 ± 0.02
59041.91 -0.19 LT/IO:O V 12.09 ± 0.02
59043.90 1.79 LT/IO:O V 12.08 ± 0.02
59044.92 2.81 LT/IO:O V 12.08 ± 0.04
59049.94 7.82 NOT/ALFOSC V 12.27 ± 0.10
59050.89 8.77 LT/IO:O V 12.27 ± 0.03
59052.90 10.77 LT/IO:O V 12.41 ± 0.04
59054.89 12.76 LT/IO:O V 12.59 ± 0.03
59056.90 14.76 LT/IO:O V 12.69 ± 0.02
59059.90 17.76 LT/IO:O V 12.91 ± 0.03
59060.88 18.74 LT/IO:O V 12.94 ± 0.06
59064.88 22.72 LT/IO:O V 13.23 ± 0.04
59066.88 24.72 LT/IO:O V 13.33 ± 0.03
59070.87 28.70 LT/IO:O V 13.68 ± 0.11
59073.86 31.68 LT/IO:O V 13.84 ± 0.16
59075.86 33.68 LT/IO:O V 13.95 ± 0.13
59163.27 120.88 LT/IO:O V 16.12 ± 0.01
59172.25 129.84 LT/IO:O V 16.31 ± 0.01
59189.22 146.77 LT/IO:O V 16.61 ± 0.02
59194.24 151.77 LT/IO:O V 16.70 ± 0.02
59201.24 158.76 LT/IO:O V 16.82 ± 0.02
59206.17 163.67 LT/IO:O V 16.92 ± 0.02
59212.14 169.63 LT/IO:O V 17.05 ± 0.03
59225.15 182.61 Schmidt V 17.33 ± 0.02
59233.14 190.59 NOT/ALFOSC V 17.41 ± 0.03
59257.13 214.51 LT/IO:O V 17.75 ± 0.02
59262.08 219.45 LT/IO:O V 17.87 ± 0.08
59268.04 225.40 LT/IO:O V 17.89 ± 0.03
59291.10 248.40 NOT/ALFOSC V 18.37 ± 0.03
59314.03 271.28 NOT/ALFOSC V 18.66 ± 0.03
59322.92 280.15 NOT/ALFOSC V 18.75 ± 0.02
59353.00 310.15 NOT/ALFOSC V 19.31 ± 0.07
59367.92 325.04 NOT/ALFOSC V 19.48 ± 0.04
59411.89 368.90 LT/IO:O V 20.06 ± 0.16

Note. The epoch in days with respect to peak B-band brightness (t) is
quoted in the rest frame.

Appendix C: Log of spectra

Table C.1. Log of Liverpool Telescope (LT), Nordic Optical Telescope
(NOT), Galileo National Telescope (TNG), and Very Large Telescope
(VLT) spectra taken of SN 2020nlb.

Instrument Date [UT] t [days] Exposure [s]

LT SPRAT 2020 Jun 25.92 −16.1 1800
NOT ALFOSC 2020 Jun 25.97 −16.1 3600
LT SPRAT 2020 Jun 26.92 −15.1 1200
LT SPRAT 2020 Jun 28.93 −13.1 600
LT SPRAT 2020 Jun 29.89 −12.2 400
NOT ALFOSC 2020 Jul 2.95 −9.1 400
NOT ALFOSC 2020 Jul 6.91 −5.2 400
NOT ALFOSC 2020 Jul 7.89 −4.2 400
LT SPRAT 2020 Jul 9.90 −2.2 200
LT SPRAT 2020 Jul 13.89 +1.8 200
NOT ALFOSC 2020 Jul 18.89 +6.8 200
LT SPRAT 2020 Jul 22.91 +10.8 300
NOT ALFOSC 2020 Jul 24.89 +12.8 600
NOT ALFOSC 2020 Jul 30.89 +18.8 400
NOT ALFOSC 2020 Dec 12.26 +153 900
TNG LRS 2020 Dec 18.21 +159 900
NOT ALFOSC 2021 Jan 2.26 +174 1200
NOT ALFOSC 2021 Jan 19.13 +191 1200
NOT ALFOSC 2021 Feb 15.28 +218 1200
TNS LRS 2021 Mar 17.97 +248 900
NOT ALFOSC 2021 Mar 18.08 +248 2100
NOT ALFOSC 2021 Apr 21.08 +282 2100
TNG LRS 2020 May 6.08 +297 3600
NOT ALFOSC 2021 Jun 2.94 +325 2100
TNG LRS 2021 Jul 5.94 +360 2700
VLT FORS2 2022 Feb 27.26 +594 2460

Note. The epoch in days with respect to peak B-band brightness (t) is
quoted in the rest frame.
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Appendix D: Nebular spectra of SNe Ia

Table D.1. Parameters of SNe Ia with nebular spectra used in Fig. 13

Supernova E(B − V)MW E(B − V)Host RV (host) ∆m15(B) References Spectra References

SN 1990N 0.022 0.00 ... 1.03 (1) (2, 3)
SN 1994ae 0.026 0.15 3.1 0.90 (4) (2, 5)
SN 1998bu 0.022 0.32 3.1 1.02 (6) (2, 7, 8)
SN 2002er 0.138 0.22 3.1 1.33 (9) (10)
SN 2003du 0.008 0.00 ... 1.02 (11) (12)
SN 2003hv 0.013 0.00 ... 1.61 (13) (13)
SN 2004eo 0.093 0.00 ... 1.46 (14) (14)
SN 2005cf 0.084 0.10 3.1 1.05 (15) (15)
SN 2007af 0.034 0.13 2.98 1.22 (16, 17) (2, 5)
SN 2007gi 0.019 0.20 1.56 1.33 (18) (18)
SN 2009ig 0.027 0.00 ... 0.89 (19) (20)
SN 2011by 0.012 0.053 3.1 1.14 (21) (22)
SN 2011fe 0.008 0.014 3.1 1.11 (23, 24) (20, 25, 26, 27)
SN 2012cg 0.018 0.18 3.1 0.86 (28) (29)
SN 2012ht 0.025 0.00 ... 1.30 (30) (29)
SN 2012fr 0.018 0.00 ... 0.82 (31) (29, 32, 33)
SN 2013aa 0.146 0.00 ... 0.95 (34) (29, 32, 33, 35)
SN 2013cs 0.079 0.00 ... 0.81 (36) (29, 33)
SN 2013dy 0.132 0.206 3.1 0.89 (37) (38, 39)
SN 2013gy 0.049 0.11 3.1 1.23 (40) (32, 33)
SN 2015F 0.175 0.085 3.1 1.35 (41) (33)
SN 2020nlb 0.026 0.05 3.1 1.28 (42) (42)

Notes. All Milky Way reddening values are from Schlafly & Finkbeiner (2011), and we assume RV = 3.1. A host RV value of 3.1 has
been assumed where no RV was derived to accompany the published host reddening value. SN Specific References: (1) Lira et al. 1998;
(2) Silverman et al. 2012; (3) Gómez & López 1998; (4) Stritzinger et al. 2006; (5) Blondin et al. 2012; (6) Jha et al. 1999; (7) Matheson et al.
2008; (8) Cappellaro et al. 2001; (9) Pignata et al. 2004, who estimated total reddening of E(B − V) = 0.36; (10) Kotak et al. 2005;
(11) Anupama et al. 2005; (12) Stanishev et al. 2007; (13) Leloudas et al. 2009; (14) Pastorello et al. 2007; (15) Wang et al. 2009b;
(16) Simon et al. 2007; (17) Ganeshalingam et al. 2010; (18) Zhang et al. 2010; (19) Foley et al. 2012; (20) Stahl et al. 2020; (21) Foley et al.
2020, they derived SN 2011by to have E(B − V)Host of 0.039 mag more than SN 2011fe; (22) Silverman et al. 2013; (23) Patat et al. 2013;
(24) Munari et al. 2013; (25) Zhang et al. 2016; (26) Mazzali et al. 2015; (27) Tucker et al. 2022; (28) Marion et al. 2016; (29) Maguire et al. 2018;
(30) Hsiao et al. 2015; (31) Contreras et al. 2018; (32) Childress et al. 2015; (33) Graham et al. 2017; (34) Burns et al. 2020; (35) Childress et al.
2016; (36) Graham et al. 2017, note the uncertainty in ∆m15(B) for SN 2013cs is large, and there is no host galaxy extinction estimate; (37) Pan et al.
2015; (38) Zhai et al. 2016; (39) Pan et al. 2015; (40) Holmbo et al. 2019; (41) Cartier et al. 2017; (42) This work.
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