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ABSTRACT

The ejecta velocities of type-Ia supernovae (SNe Ia), as measured by the Si II A6355 line, have been shown to
correlate with other supernova properties, including color and standardized luminosity. We investigate these re-
sults using the Foundation Supernova Survey, with a spectroscopic data release presented here, and photometry
analyzed with the SALT? light-curve fitter. We find that the Foundation data do not show significant evidence for
an offset in color between SNe Ia with high and normal photospheric velocities, with Ac =0.005+0.014. Our
SALT?2 analysis does show evidence for redder high-velocity SN Ia in other samples, including objects from the
Carnegie Supernova Project, with a combined sample yielding Ac =0.017 +0.007. When split on velocity, the
Foundation SN Ia also do not show a significant difference in Hubble diagram residual, AHR = 0.015 4+ 0.049
mag. Intriguingly, we find that SN Ia ejecta velocity information may be gleaned from photometry, particularly
in redder optical bands. For high-redshift SN Ia, these rest-frame red wavelengths will be observed by the Nancy
Grace Roman Space Telescope. Our results also confirm previous work that SN Ia host-galaxy stellar mass is
strongly correlated with ejecta velocity: high-velocity SN Ia are found nearly exclusively in high-stellar-mass
hosts. However, host-galaxy properties alone do not explain velocity-dependent differences in supernova col-
ors and luminosities across samples. Measuring and understanding the connection between intrinsic explosion
properties and supernova environments, across cosmic time, will be important for precision cosmology with

SNe Ia.
1. INTRODUCTION

Type la supernovae (SNe Ia) are important cosmological
probes due to their use as precise extragalactic distance indi-
cators. Most famously they have been used to discover the
accelerating expansion of the Universe (Riess et al. 1998;
Perlmutter et al. 1999) and, more recently, have been used
to constrain the measurement of the local Hubble parameter
to ~2.4% precision (Riess et al. 2016).

SNe Ia are not a perfectly homogeneous population
(Branch 1987), so their cosmological power comes from their
use as empirically standardized candles, correlating their lu-
minosity with other observed properties. The largest of these
luminosity corrections come from the SN light-curve shape
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and color (Phillips 1993; Riess et al. 1996). More recent
work suggests that the host-galaxy or local environment can
further improve SN Ia standardization (e.g. Wolf et al. 2016;
Jones et al. 2018; Smith et al. 2020).

Of particular interest is whether the standardization is cor-
recting for intrinsic properties of the supernova (e.g., the
light-curve shape) or extrinsic factors (e.g., interstellar dust
along the line of sight). Host-galaxy correlations, for in-
stance, could be either: different kinds of SNe Ia are found
preferentially in different environments (e.g., Hamuy et al.
1996a, 2000), but interstellar dust can also vary with galaxy
type (Brout & Scolnic 2020).

Of other properties intrinsic to the supernova, the explo-
sion kinetic energy and ejecta mass are among the most fun-
damental. We can probe these key physical quantities di-
rectly through observations by measuring the photospheric

velocity vpn ~ (KE /Myj) 2 Here we focus on the expansion
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velocity measured through the blueshift of the Si II A6355
line, vs;; this line is the hallmark of SNe Ia near maximum
light (Branch & van den Bergh 1993). Benetti et al. (2005)
and Wang et al. (2009a, hereafter W09) explore correlations
of SN Ia luminosity, as well as light-curve shape and color,
with vg; L

W09 used the photospheric velocity vg; to divide SNe Ia
into two subclasses. They found that objects with high
photospheric velocity (vs; < —11,800 km s™') were redder
than their “normal” counterparts, and also had a shallower
luminosity-color relation (lower Ry). Foley & Kasen (2011,
hereafter FK11) followed up this work arguing that the differ-
ence in Ry was driven by a handful of highly-reddened high-
velocity objects, but that the bulk of the data could best be
explained by a “color offset” in which high velocity SNe Ia
were redder by ~0.06 mag in B~V compared to normal ve-
locity SNe Ia. Foley et al. (2011, hereafter F11) continued
this analysis by better characterizing the time evolution of
vsi and deriving a linear correlation between color and max-
imum light photospheric velocity (rather than just cleaving
the sample into high and normal velocity groups).

For their analyses, W09 and FK11 used a literature sam-
ple of low-redshift (z < 0.06) SNe Ia with heterogeneous
photometry and spectroscopy. Here we aim to investigate
these previous results with a new sample of SNe Ia from
the Foundation Supernova Survey (Foley et al. 2018). The
well-calibrated, single-system (Pan-STARRS PS1) photom-
etry (Schlafly et al. 2012; Magnier et al. 2013), allows for
uniform light-curve analysis of a large, low-redshift SN Ia
sample.

W09 and FK11 parameterize supernova color with Bpax —
Vimax, measured from fits to the B and V band light curves.
Our Foundation photometry, however, was obtained in the
griz filters, making a direct comparison more difficult. In-
stead, we choose to use the SALT?2 light-curve fitter (Guy
et al. 2007) and its color parameter ¢ for the comparison. As
a check, and to see if the choice of filter was consequential,
we also analyze data from the Carnegie Supernova Project
(Hamuy et al. 2006), which observed SNe Ia in both BV and
gri.

In § 2 we describe the data used, sample selection, param-
eterization, and analysis methods. We compare our approach
to previous analyses In § 3. We present our full analysis and
results in § 4, and discuss implications and conclusions in
§ 5. Tables of our results and a spectroscopic data release

! Benetti et al. (2005) prefer using the Si velocity gradient to distinguish
SN Ia. W09 show that the maximum light velocity is strongly correlated
enough with the velocity gradient to be suitable for standardization analy-
sis, with the advantage of not requiring the multiple epochs of spectroscopy
needed to measure the gradient.

from the Foundation Supernova Survey are given in the Ap-
pendix.

2. DATA AND METHODS

The data used in this analysis comes primarily from three
sources: the Foundation Supernova Survey (Foley et al.
2018), the literature sample used by W09 and FK11 (see ref-
erences therein), and the Carnegie Supernova Project (CSP;
Folatelli et al. 2010).Our spectroscopic analysis is based
on public spectra from the Transient Name Server’ and
WISeREP? (Yaron & Gal-Yam 2012) and the Open Super-
nova Catalog4 (Guillochon et al. 2017), and we here also
present and release our Foundation spectroscopic data (see
Appendix).

2.1. Foundation Data

The Foundation Supernova Survey (Foley et al. 2018) is
a large (180 objects which pass cuts required to be included
in a cosmological analysis), low redshift (0.015 < z < 0.08)
survey observed on the Pan-STARRS1 (PS1) (Kaiser et al.
2010; Chambers et al. 2016) telescope. Foundation is a
follow-up survey; we observed SN Ia targets discovered in
untargeted, wide-field surveys, primarily ASAS-SN (Holoien
et al. 2017), the Pan-STARRS Surveys for Transients (PSST
Huber et al. 2015), Gaia (Gaia Collaboration et al. 2016),
ATLAS (Tonry et al. 2018), and MASTER (Lipunov et al.
2010) among others. Each SN included in the sample was
spectroscopically confirmed as a requirement for follow-up;
the classification spectra near maximum light are used in our
spectroscopic analysis. Cosmological analysis of the Foun-
dation sample is presented by Jones et al. (2019). Some
Foundation SNe have redshifts which were measured from
the SN itself, we exclude these objects. We present unpub-
lished spectra of Foundation objects in the Appendix (see
Figure 10).

2.2. WO9/FKI11 Data

The W09 dataset comprises “relatively normal SNe Ia with
good photometry and [...] at least one spectrum within
one week after B maximum” from the available literature at
the time. This low-redshift sample excluded 91T-like and
91bg-like objects. FKI11 use these same data with more
restrictive selection cuts, and F11 supplement it with addi-
tional spectroscopy. It is important to note that nearly all of
these supernovae were discovered in fargeted surveys, like
the Lick Observatory Supernova Search (LOSS; Li et al.
2000), with relatively narrow-field observations pointed at
catalogued galaxies.

2 https://www.wis-tns.org/
3 https://wiserep.weizmann.ac.il/

4 https://sne.space
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2.3. CSP Data

The Carnegie Supernova Project (Hamuy et al. 2006) is a
follow-up program that obtained exquisite optical and NIR
photometry of a large sample of low-redshift SN Ia (Contr-
eras et al. 2010; Folatelli et al. 2010; Stritzinger et al. 2011;
Krisciunas et al. 2017). In our analysis we only use the CSP
data in optical bands (BVgri) and apply selection cuts sim-
ilar to those used in the CSP cosmological analysis (Burns
et al. 2018). Like the W09/FK11 samples, the CSP sample
was drawn primarily from supernova searches that targeted
catalogued host-galaxies®. A handful of objects are in both
the CSP and W09/FK11 samples.

2.4. Measuring Supernova Photospheric Velocity

We homogenize measurements of the Si II velocity by
re-analyzing near-maximum-light rest-frame spectra for our
sample, using two methods. First, we use astropy (Astropy
Collaboration et al. 2013) to model the Si II line as the sum of
a polynomial continuum and Gaussian absorption, and derive
vs; from the wavelength of the Gaussian minimum (adopting
Arest = 6355 A for Si I1). We use the residuals around this fit
to generate 100 perturbed realizations of the original spec-
trum and refit, and take the standard deviation in the Monte
Carlo velocity fits as our estimate of the velocity uncertainty.
Second, we apply the technique used in the kaepora database
(Siebert et al. 2019), smoothing the spectrum (using variance
weighting and a kernel with width of ~ 300 km s™'), and di-
rectly measuring the wavelength of the Si II line minimum.
In most cases, these two methods gave consistent results; oc-
casionally one or the other was preferred based on manual
inspection. For example, in cases where the line shape was
strongly non-Gaussian, we favored the smoothing method,
while in some cases of noisy data, the fitting method pro-
vided more reliable results.

For cases where we did not have the spectra to perform
these measurements, we took previously stated measure-
ments of vg; from CBETs. A number of CSP velocities also
came from Folatelli et al. (2013).

The observed Si II velocity varies as the SN photosphere
recedes in to the ejecta over time. To compare objects we cor-
rect the measured vs; from the observed phase to B-maximum
light, using the average evolution found by F11 (equation 5):

o _ vsi +0.2850¢

_ Ysi + 026501 1
ST T 0.03221 M

where 3, is the Si I inferred velocity at phase ¢ = 0, vs; is
the measured rest-frame Si II velocity (both in units of 1000
km s7'), and ¢ is the rest-frame phase in days. We restrict
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this phase correction to spectra with —6 < ¢ < +10 days; this
also helps to ensure that vg; reflects the photospheric veloc-
ity rather than a separate high-velocity feature (Marion et al.
2013). Objects without spectra in this phase range are ex-
cluded in our final sample. F11 estimate that this velocity
evolution correction has an uncertainty of £220 km s~', so
we add 0.22 in quadrature to the uncertainty for V(S)i' In most
cases, this dominates the measurement uncertainty. Our de-
rived velocities are given in Tables 1, 2, and 3 and the re-
sults from our two different fitting methods are given in Table
4. For notational simplicity, hereafter we refer to maximum
light Si II velocity v3; simply as vs;; the correction to zero
phase is implied.

2.5. SALT2 Light-Curve Fitting and Sample Selection

For consistency, all photometry for each supernova in our
sample was refit using the SALT2 model (Guy et al. 2007;
Betoule et al. 2014) with two different fitting programs,
sncosmo (Barbary et al. 2016) and SNANA (Kessler et al.
2009). These two environments have slightly different im-
plementations of the SALT2 model; we use them as a con-
sistency check. We exclude SNe from our sample for which
the fitters give discrepant results in the derived SALT2 pa-
rameters. In particular, we require the sncosmo and SNANA
fits to agree in the time of B-maximum 7y to within 5 days,
the SALT2 color parameter ¢ to within 0.05, the SALT2
light-curve shape parameter x; to within 0.2 and the B ap-
parent magnitude at maximum mjp to within 0.05 mag®. The
majority of objects show much better agreement than these
bounds. The most significant differences between SNANA
and sncosmo results come from light curves that begin well
after maximum light, so we additionally require our sample
SNe to have photometric observations starting no more than
7 days after t,.

We adopt the SNANA SALT? light curve fits for our pri-
mary results, and present the derived SALT2 parameters in
Tables 1, 2, and 3.

3. COMPARISON WITH PREVIOUS RESULTS

The main result we aim to test with the Foundation sample
is the color offset found by FK11 between high-velocity and
normal SN Ia, following on the work of W09. Both these pa-
pers standardize the absolute V magnitude of the supernovae
as follows (cf. W09 equation 1):

My =my —p, = M) +o(Amys—1.1)+RyEB =V )post.  (2)

where My and my are the absolute and apparent peak V mag-
nitudes, and p, is the distance modulus (at redshift z). The

5 The second phase of the Carnegie Supernova Project (CSP-II; Phillips et al.
2019) emphasizes SN Ia found in wide-field untargeted surveys.

6 SNANA and sncosmo use slightly different zeropoints for their magnitude
scales, mp = —2.5logxo+ZP; we use the median difference across the sam-
ple to correct for this.
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Figure 1. A comparison of the W09 data as analyzed in FK11 (left; see Figure 2 of FK11) and our SALT?2 analysis (right). The high-velocity
SN Ia sample comprises objects with vs; < 11,800 km s™'. Both panels show the same 89 supernovae; these are the subset of the FK11 sample
that gave good SALT? fits. Additionally we use updated redshifts for some objects (with minimal impact on the results). We derive slopes
and color-offsets adapting the linmix algorithm (Kelly 2007), as described in the text. The slope and color offset measured in the left panel are
consistent with FK11 (who found Ry ~ 2.50 and color offset =~ 0.06 mag). The SALT?2 analysis in the right panel gives a color slope in accord
with the expectation 8 = Ry + 1. Both panels show a consistent sense for the color offset (high-velocity SN Ia redder than their normal-velocity
counterparts at the same shape-corrected absolute magnitude), but the offset is at higher significance when using My, Am;s, and E(B—V )nost

(left panel; 3.30) compared to SALT2 mg, x1, and ¢ (right panel; 1.80).

light-curve shape of each SN is parameterized by Am;s, the
B-band magnitude decline in 15 days after maximum light
(Phillips 1993), while the SN color Byax — Vinax determines
E(B—V)post. The coefficients o and Ry apply to all of the
SN in the sample, and MY is the fiducial absolute magnitude
(i.e., for a supernova with Am;s =0 and E(B—V )pest = 0).

As described above, W09 argue that high-velocity (vs;
< —11,800 km s™') and normal SN Ia differ in their inferred
Ry, though they have consistent M{, and . FK11 show that
the Ry difference largely disappears if only “cosmological”
SN Ia (i.e., those with low E(B—V )hos < 0.35 mag) are con-
sidered, but that there is a “color offset" between the two
samples split on vs;. FK11 analyze this color offset by plot-
ting a shape-corrected absolute magnitude, Mnape-corrected =
My —a(Amys—1.1) versus SN color E(B—V )post. We recre-
ate such a plot in the left panel of Figure 1, using the values
of My and Am,s from W09, and taking o = 0.75 as used in
FK11 (consistent with the results of W09)”.

Because the Foundation supernova sample was observed
in griz, we cannot directly replicate the FK11 analysis us-
ing My, Amys, and E(B—V )yost (from Biax — Vinax). Instead,
we use SALT? fits as described in section 2.5. To investi-
gate the impact of this change in the analysis, we first com-
pare SALT?2 results for the WO9/FK11 sample, as shown in
the right panel of Figure 1, with the same 89 SNe Ia (27
high-velocity and 62 normal) in both panels. This is slightly

7 Some of the WO9/FK11 objects are also in the CSP sample and have
slightly updated values of E(B—V )05 and Am;s presented by Burns et al.
(2018). We have verified that these updates do not significantly change our
results.

smaller than the sample presented in FK11 (their Figure 2)
because we require sufficient photometry for a robust SALT2
fit (and consistent SNANA and sncosmo results, as described
in section 2.5). In the SALT?2 analysis, using the Tripp (1998)
standardization, the shape-corrected absolute magnitude is
given by

Mshape—correcled =mp+ax) — [, (3)

which we regress against the SALT2 color parameter ¢ (with
slope (3). For the distance modulus 1., we adopt cosmolog-
ical parameters Hy = 70.5 km s7! Mpc‘l, OQn=0.3, Toemp =
2.725 K using astropy’s FlatLambdaCDM cosmology object,
and only use objects in the Hubble flow (z > 0.008), with an
assumed redshift uncertainty of 300 km s~' from peculiar ve-
locities.

Visually, the data points in Figure 1 look similar across
both panels, suggesting similar results in either the (My,
Amys, E(B—V)) analysis or the SALT?2 analysis. To test this
quantitatively, we encounter the difficulty of linear regres-
sion with significant uncertainties in both variables. To deal
with this, we adapt the Gaussian mixture model regression of
Kelly (2007), using the Python implementation in the linmix
package®. We use linmix to fit both the high- and normal-
velocity samples separately and check that both have com-
patible slopes (true in all cases). We then join MCMC sam-
ples with matching slopes (the only case where a color offset
is meaningful) and calculate the offset. This approach al-
lows us to measure the color offset using the linmix method,

8 https://github.com/jmeyers314/linmix
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while marginalizing over the distribution of slope and intrin-
sic scatter (the latter is consistent with zero for all samples).
We validated our method on simulated data with known color
offsets.

The results of our fitting method for both the original
WO9/FK11 data and our SALT2 analysis in the solid lines
and annotations on Figure 1. Based on the shapes of the
normal- and high-velocity distributions, FK11 argue that an
intrinsic color offset is the best explanation for the difference,
noting for instance that the locus of the bluest high-velocity
points remains redder than the bluest normal-velocity objects
at all magnitudes. Our results in the left panel are consistent
with FK11 both in terms of slope and color offset. In our
SALT?2 analysis (right panel), we find a slope consistent with
the expectation 8 =~ Rg = Ry + 1, but the inferred color offset
(0.021£0.012) is lower, and at lower significance.

In principle, the SALT2 color parameter ¢ aims to be an
analogue of the SN B—V color, and thus we would expect
¢ and E(B—V)pes to be commensurate, perhaps with a con-
stant offset between them. However, whereas W09/FK11 de-
rive E(B—=V )nost from Bpax — Vimax, the SALT?2 fit for ¢ makes
use of the full light curve, in multiple bands. Indeed, if we
empirically compare the derived values for these objects in
the W09 sample, we find a shallower relation than expected,
with ¢ = 0.7E(B =V )post in the range —0.3 < ¢ < 0.3. In
this color range, the SN color can arise from both intrinsic
color variations as well as dust reddening, so the scale dif-
ference between ¢ and E(B—V)pes may not be a complete
surprise. Such a rescaling of the x-axis would bring the color
offsets into better accord, with the SALT?2 color offset value
of 0.020 rescaled to a color offset of 0.021/0.7 = 0.029 mag
in E(B—V) space. This is not a completely satisfactory reso-
lution, however, because such a rescaling would also affect
the slope, suggesting Rp ~ 3.38(0.7) = 2.37, at odds with
Rp =Ry +1 ~ 3.6 expected from the left panel of Fig. 1.

While the SALT2-based analysis does not completely
recreate the FK11 B—V color offset seen in the W09 data,
we nonetheless proceed with the analysis using SALT2, pri-
marily because it is the light-curve fitter of choice in most
supernova cosmology analyses today. Thus, for cosmologi-
cal applications of SN Ia, it behooves us to understand any
differences related to explosion velocity in the SALT2 con-
text. We discuss this issue further in § 5.

4. RESULTS
4.1. Color Offsets for High-Velocity Supernovae

We show the SALT?2 shape-corrected absolute magnitude
versus color for the Foundation sample in the upper left panel
of Figure 2. We have 69 Foundation objects (14 high veloc-
ity with vs; < —11800 km s™! and 55 normal velocity) that
have good velocity measurements, good SALT?2 light curve
fits (as described in section 2.5), and that are appropriate for
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a cosmological sample (e.g., Jones et al. 2019). Specifically,
we require z > 0.008, |¢| < 0.3, and |x;| < 3 (see Tables 1
and 4).

Surprisingly, in the Foundation sample we find no evi-
dence of a color offset between the high-velocity and normal-
velocity SNe Ia, with our best fit offset value of 0.005 &
0.014. In the upper right panel of Figure 2 we show the
SALT? analysis of the W09/FK11 sample for comparison’.
While the Foundation data show a slope consistent with the
WO9/FK11 data, the Foundation sample has a lower fraction
of high-velocity SNe Ia and a lower color offset.

We consider several explanations for this discrepancy in
the next sections. Potential culprits could be small num-
ber statistics, the SALT2 vs. E(B—V),s analysis choices
(though we have already shown there is a small color off-
set in WO9/FK11 even when using SALT2; Figures 1 and 2),
the filters used for the photometry: typically gri for Founda-
tion and BVRI for W09/FK11, or systematic differences in
the kinds of supernovae that comprise either of the samples.

To gain further insight into this question, we also fit the
CSP sample in the same manner, shown in the lower left
panel of Figure 2. The CSP objects have a color offset of
0.030 £0.017, larger than even in the W09/FK11 data, but
at lower significance. Curiously the CSP sample also has a
relatively low fraction of high-velocity objects. Moreover the
shape-corrected magnitude vs. color relation has a shallower
slope ( for the CSP objects compared to either W09/FK11
or Foundation. Making a slightly stricter color cut ¢ < 0.25
would remove one object from the CSP sample, the slight
outlier SN 2007ba, and give a slope more consistent with the
other samples.

Though the samples show differences that we explore fur-
ther below, they are marginally consistent with each other.
Combining them yields the lower right panel in Figure 2,
with a fit slope S =3.26£0.19 and a > 20 measurement
of the color offset, Ac=0.17 £ 0.007.

4.2. Photometric Comparisons

The W09 and FK11 results are based on the Bpax — Vinax
color, but the Foundation photometry covers this wavelength
range with a single filter, g. If the differences between high-
velocity and normal SNe Ia that lead to a color offset are
localized to this region of the spectrum, observing it with a
single band may suppress the effect, potentially explaining
our results.

For a direct comparison between the g and BV bands we
turned to the CSP sample, which (wisely!) observed ob-

° The WO9/FK 11 sample in the upper right panel of Figure 2 is slightly dif-
ferent than the right panel of Figure 1. In Figure 2 we use the SALT2-based
sample cuts described in this section, whereas in Figure 1 we adopt the
Amys and E(B—V ), cuts used by FK11.
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the fit slope 8 and the fit color offset. The W09/FK11 sample in the upper right panel differs slightly from Fig. 1 because we used our own cuts
from the larger sample. The Foundation sample does not show evidence of a color offset, unlike the CSP and W09/FK11 datasets.

jects in all of these filters, both to guard against the possi-
bility that the relatively wide g-band was leaving important
spectral information unresolved and to connect to prior SN Ia
samples. We compare SALT?2 fits on CSP objects using just
BVri photometry versus SALT?2 fits of the same objects us-
ing just gri photometry in the left panel of Figure 3, adopting
the wavelength-extended SALT2 model from (Hounsell et al.
2018)!" The SALT2 color parameter shows a tight, nearly
one-to-one (solid line) relation, with a handful of outliers and
a Pearson-r coefficient of 0.98. If 30 outliers are removed,
the scatter in cg,; —cpy,; is 0.026. In particular, we do not
see any systematic difference in the inferred ¢ that depends
on velocity. The results for the other SALT2 parameters (mg
and x;) are similar, meaning that differences between BV and

10 This is an “extended” version of SALT2 in which the model SED covers
redder passbands, and is only used in this comparison. For all of the other
SALT2 analyses in this paper, we use the SALT2 model described by Be-

toule et al. (2014), for consistency with cosmological applications.

g are not likely to explain the lack of a high-velocity color
offset seen in the Foundation sample.

Curiously, we find a velocity-dependent color effect if we
compare SALT? fits using only redder bands (» or R and i
or ) with bluer bands, as shown in the right panel of Fig-
ure 3. Because the SALT2 color parameter c¢ is nearly a
proxy for the supernova B—V color at maximum, estimating
it from redder bands only is more uncertain, and sensitive to
the SALT2 SED model (including variation with x;). The
highly significant shift seen, a difference in ¢(BV)—c(RI) of
nearly 0.1 between the high-velocity and normal-velocity ob-
jects, suggests that SALT? fits to these redder bands can po-
tentially constrain the SN Ia velocity from photometric data
alone. When bluer data are added, however, SALT?2 clearly
gives information at those wavelengths higher weight in the
estimate of c¢; there is little difference in the derived SALT2
color parameter ¢ between BV or BVri observations.

We investigate whether this velocity-dependent SALT2
color effect can be seen directly in SN Ia colors in Figure
4, where we show maximum light r—i versus g—r and B-V,
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Figure 3. Left: A comparison of the SALT2 color parameter ¢ applied to the CSP SN Ia sample, fitting only the BVri photometry versus fitting
only the gri photometry. Points are color-coded by vs; as shown in the colorbar on the right. Other than a few outliers, the recovered ¢ values
are nearly identical (the solid black line indicates exact identity). There is no systematic difference between high-velocity and normal-velocity
objects. Right: Same as the left panel, except showing SALT2 c inferred from only two bands, either 7i or RI versus BV, again for the CSP
sample. Using just two photometric bands results in a noisier measurement (and especially so deriving ¢ from just the two redder bands), but
there does seem to be separation in the inferred SALT?2 color as a function of velocity. The red and blue lines show the median results for the
high-velocity and normal-velocity objects, respectively. This result is intriguing because it suggests that velocity information is encoded in the
photometry.
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Figure 4. Color-color plots of a subset of SNe in our combined sample. The magnitudes were taken at the time of B-band maximum using a
Gaussian Process fit to the light curve with K-corrections and Milky-Way extinction corrections applied. The colors assigned to each point are
as in Fig. 3. Left: Data include CSP and Foundation objects with well-measured gri light curves. Right: Data from CSP and W09/FK11, using
BVri photometry. In the B—V color here we see a similar separation as seen in the right panel of Fig. 3, with the higher velocity points having,
on average, bluer r—i colors. In the g—r space though, this trend is less apparent.
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Figure 5. Composite spectra made using kaepora (Siebert et al.
2019) of Foundation and W09/CSP objects. Red lines are for high-
velocity SNe and blue are for normal velocity. The shaded regions
are derived from bootstrap resampling of the constituent spectra as
described by Siebert et al. (2019). The spectra were normalized
to their median continuum between 5500-5700 A. The number of
spectra that contribute at each wavelength is shown in the bottom
panels. In the upper right-hand corner, the difference in the B—V
color between the high-velocity and normal-velocity subsets. Like
for the color offset, the Foundation sample shows a smaller color
difference in the composite spectra.

color-coded by vs;. Here, we see some small effect in the
B-V vs r—i like we do in the case of SALT2 (Figure 3), with
the high-velocity points having bluer r—i colors. This effect
is not as strong in g—r. Neither has as strong of a relation as
the SALT2-fit colors do, suggesting that SALT2 model may
be enhancing this effect.

4.3. Spectral Comparisons

Any relationship between SN Ia intrinsic color and line
velocity should also be evident in spectroscopy. FK11 and
Mandel et al. (2014) hypothesize that the redder intrinsic col-
ors of high-velocity SN Ia may come from broadened, high-
opacity lines blocking flux at shorter wavelengths, particu-
larly in the B band. Our Foundation observations in g band,
essentially spanning B and V, may thus be less sensitive to

| | | | | |
3500 4000 4500 5000 5500 6000 6500 7000

such an effect. However, as demonstrated earlier (e.g., Fig-
ure 3 left) we do not find any significant bias in the inferred
SALT?2 c if we fit with either BV or g.

To further investigate our results we created composite
spectra using the kaepora database (Siebert et al. 2019)'!
along with our own near-maximum-light spectra of Founda-
tion objects (see Appendix). The spectra used in this anal-
ysis from kaepora come from the following; Folatelli et al.
(2013); Blondin et al. (2012); Salvo et al. (2001); Benetti
et al. (2004); Kotak et al. (2005); Garavini et al. (2007); Sil-
verman et al. (2012); Stanishev et al. (2007); Wang et al.
(2009b); Pereira et al. (2013); Mazzali et al. (2014). We
created composite spectra using kaepora and the techniques
developed in Siebert et al. (2019), though between the host-
galaxy corrections being applied and the compositing pro-
cess, each spectrum was normalized to the median flux be-
tween 5500 A and 5700 A. Composites were made for the
combined WO09/FK11 and CSP sample and for the Founda-
tion data, split between high-velocity and normal velocity
SNe.

As can be seen in Figure 5, as expected, the spectral fea-
tures in the high-velocity composites are clearly broader and
blue-shifted. Significantly, the normal-velocity spectra have
a bluer continuum than their high-velocity counterparts. This
effect is more pronounced in the W09/FK11 and CSP data,
with a difference in the B—V color of the high-velocity and
normal velocity SNe of 0.086 mag. In the Foundation sam-
ple, this difference is only 0.035 mag. Each of the four com-
posites were made up of spectra chosen such that the phase of
the composite would be close to 0 days and each composite
has a phase, over the whole spectral range, which is consis-
tent with 0. The median x; for each are slightly different, as
the Foundation sample has a higher mean x; than the previ-
ous samples, but because x; and ¢ are not strongly correlated,
a difference in x; cannot be a major factor in explaining the
color difference in the composite spectra.

4.4. Host-Galaxy Mass

One of the important differences between the Foundation
SN sample and the CSP and W09 samples used here comes
from the SN discovery surveys used in the follow-up. Foun-
dation used discoveries from untargeted, all-sky SN surveys,
while the CSP and W09 SN were primarily from SN sur-
veys that targeted and searched catalogued galaxies. Targeted
surveys preferentially observe more luminous, higher-mass
host galaxies, and so SN with low-mass host galaxies are
underrepresented. Besides affecting the distribution of host
masses in the sample, this bias can propagate to SN prop-
erties. For example, Jones et al. (2018) found that targeted
surveys produced a lower host-galaxy mass magnitude step

11 https://github.com/msiebert1/kaepora
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Figure 6. Host-galaxy stellar mass vs. measured Si II velocity at maximum (vs;) for each object in our sample (colored and labeled by
subsample) along with a large comparison sample (gray) from Pan et al. (2015) and Pan (2020). The Foundation (blue) points marked with a
square did not have previously-reported host masses and were determined using SDSS photometry and Taylor et al. (2011), eq. 8. Foundation
(blue) points marked with a triangle are extremely low stellar-mass host-galaxies, for which we only estimate an upper limit, log(M. /M) < 7.0.
Uncertainties shown for the host-galaxy stellar masses in our sample were taken as the standard deviation of masses from the literature if there
was more than one measurement for a given galaxy. If only one measurement was available, we assigned an uncertainty equal to the median
uncertainty of the other hosts. The dotted line shows our boundary between high- and normal-velocity SNe. Adjacent histograms show the
relative distribution of masses or velocities for each subsample. There is a strong indication that higher-velocity SN Ia inhabit higher-stellar-
mass host galaxies, and nearly all SN Ia in low-mass host galaxies have normal explosion velocity.

(in light-curve and color corrected SN luminosity) than un-
targeted surveys.

There is a connection between host-galaxy properties and
SN Ia velocities. Foley (2012) found that the Ca II velocity
decreased as host-galaxy stellar mass increased (albeit for a
narrow range of masses, and for high-redshift SN). In con-
trast Pan et al. (2015) and Pan (2020) used a large sample
of low-redshift SN Ia from PTF and found that Si II velocity
increased with increasing host-galaxy stellar mass. More-
over, galaxies with stellar mass M, < 10°°M, did not host
high-velocity SN Ia. We seek to explore this result in the
Foundation data and combined samples.

4.4.1. Host-Galaxy Stellar Mass Data

Because of the importance of the host-galaxy stellar mass
as an additional parameter for SN Ia luminosity standardiza-
tion, many authors have worked to derive host-galaxy stel-

lar mass estimates for SN Ia samples, typically from galaxy
photometry. We compiled mass measurements for our ob-
jects from Neill et al. (2009), Sullivan et al. (2010), Smith
et al. (2012), Chang et al. (2015), Campbell et al. (2016),
Wolf et al. (2016), Uddin et al. (2017), Burns et al. (2018),
and Jones et al. (2018). We did not try to homogenize the
reported masses (for example, to enforce a consistent stel-
lar initial mass function), and rather have taken them “as is”.
Many objects in our sample have more than mass measure-
ment, and show good agreement across sources. There ap-
pears to be systematic differences in the mass estimates based
on the method used (for example UV versus optical/NIR pho-
tometry), but not at a level significant to our results.

To ensure consistency with published cosmological results,
for the Foundation objects we take host-galaxy stellar masses
only from Jones et al. (2018). For the other samples, to com-
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Figure 7. Relations between vs; and host-galaxy stellar mass vs.

SALT2 ¢

SALT?2 light-curve fit parameters x1 and c¢. The points are colored by

subsample as in Fig. 6. The grey regions show ranges typically excluded by cuts on x; and ¢ in cosmological applications. The green dotted line
denotes the demarcation between high- and normal-velocity; downward facing triangles show upper limits on host-galaxy stellar mass. SN Ia
in the lowest-mass host galaxies show a remarkably narrow range in light-curve properties x; and c¢ (e.g., Brout & Scolnic 2020).

bine the mass measurements we took the median for each
object as the point estimate, and used the standard devia-
tion of the measurements of the object as an estimate for the
mass uncertainty. For host-galaxies with only a single stellar
mass measurement, we assigned an uncertainty equal to the
median uncertainty of the multiply-measured objects, £0.16
dex, i.e., in log(M, /Mg).

For the stellar mass estimates from Burns et al. (2018), we
followed the prescription in the text using the tabulated K-
band data, with log(M,/Mg) = —-0.4(K — )+ 1.04. Masses
for host-galaxies without K-band photometry were taken
from Neill et al. (2009) or Chang et al. (2015). One ob-
ject, CSS160129, did not have a tabulated host-galaxy stellar
mass, so we used SDSS photometry and eq. 8 from Taylor

et al. (2011) to estimate it at log(M, /M) = 8.16. Two SN,
PS15bwh and ATLAS16agv, had host-galaxies too faint for
reliable photometry. Based on the imaging depth, we treat
their host-galaxies as having a stellar mass of log(M., /M) =
7.0 as an upper limit; this still places them as the lowest mass
host-galaxies in our sample.

4.4.2. The Effect of Host-Galaxy Stellar Mass

In Figure 6 we plot the Si II velocity versus host-galaxy
stellar mass for objects in each of our SN subsamples. We
immediately see the difference between targeted and untar-
geted SN surveys, with the objects in the Foundation sam-
ple extending to lower host-galaxy stellar masses. We also
plot the (untargeted) PTF SN Ia from Pan et al. (2015) and
Pan (2020); our Foundation data confirm their finding that



high-velocity SN Ia are largely absent from low-mass host-
galaxies, log(M, /M) < 9.5. We ran Anderson-Darling tests
to confirm what can be discerned by eye: the host-galaxy
stellar mass distribution are largely consistent between CSP
and W09/FK11 (drawing on targeted SN surveys with mostly
high-stellar-mass host-galaxies) and between Foundation and
PTF (SN from untargeted surveys). However, the distribu-
tions are strongly inconsistent between W09/FK11/CSP and
Foundation/PTF. This effect can explain why the fraction of
high-velocity SN Ia is significantly lower for Foundation than
in WO9/FK11: surveys that target high-mass host-galaxies
will find more high-velocity supernovae relative to normal-
velocity supernovae. Clearly, sample selection will play an
important role in understanding the connection between host-
galaxy properties and SN velocity.

To further highlight this interconnectedness, in Figure 7 we
show relationships between vs; and host-galaxy stellar mass
with SN Ta SALT2 x; and ¢. We find these light-curve pa-
rameters are largely agnostic to velocity, but stronger trends
are present relative to the host-galaxy mass. Analogous to
the way faster-declining SN Ia are found preferentially in
early-type host-galaxies (e.g., Hamuy et al. 1995, 1996a,b,
2000), our results are consistent with previous studies show-
ing these fast-decliners are also in higher-mass host-galaxies
(e.g., Neill et al. 2009; Uddin et al. 2017). Similarly, we
see bluer SN Ia in lower-mass host-galaxies, confirming the
results of, e.g., Sullivan et al. (2010). Finally we note the
presence in the Foundation sample of a “tail” of objects with
blue colors, x; &~ +1, and normal vs;, all from low stellar-mass
host-galaxies. Brout & Scolnic (2020) demonstrate that this
quite homogeneous population from low-mass host-galaxies
also shows low dispersion on the Hubble diagram.

Nevertheless, as we will show later (see § 4.6 and Figure
9), simply restricting the Foundation sample to a mass range
which reflects the WO09/FK11 and CSP objects does not re-
cover a significant offset in the Foundation data. Though
there are clear correlations between SN velocity and host-
galaxy mass, accounting for mass alone does not bring the
three samples into agreement.

4.5. Hubble Residuals

Looking specifically at the question of a relationship be-
tween supernova line velocity and luminosity on the Hub-
ble diagram after standardization, i.e. Hubble residual (HR),
Siebert et al. (2020, hereafter S20) find a bifurcation in data
from WO09/FK11 and CSP: SNe with negative HRs (over-
luminous SNe after standardization) have a systematically
higher velocity than SNe with positive HR, with a mean vg;
difference of —~0.98 +0.22 x 10° km s~! in the two samples.
Similarly, S20 also find that objects with an expansion veloc-
ity above the median value (=11 x 10° km s7!) have a sys-
tematically lower HR, with a 0.091 4-0.035 mag offset in the
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sample split about the median velocity. We re-examine this
finding with the Foundation sample and light-curve fits from
Jones et al. (2018), using a similar method as S20 for boot-
strap resampling to account for uncertainties. Our approach
differs slightly from S20. As we have done throughout this
paper, we use velocities at maximum light, whereas S20 used
velocities measured at +4 days in their strongest result. For
consistency with our measurements, we shift the S20 veloci-
ties to maximum light; S20 report largely similar results with
maximum light velocities.

We find that the Foundation objects with a negative HR
have a mean vg; of —=11.07 £0.17 x 10*> km s™', while the
Foundation objects with a positive HR have mean velocity of
~10.9140.16 x 10° km s™'. Though the Foundation result is
in the same direction as what S20 find, the velocity difference
in the Foundation subsamples of —0.16+0.23 x 10° km s~ is
not significant. In Fig. 8 we examine Hubble residuals versus
vs; for the Foundation and S20 samples (compare to S20 Fig-
ure 8). In our analysis we divide the samples at —11,800 km
s~!, corresponding to the high-velocity and normal-velocity
split we have used throughout this paper, again differing
slightly from S20 who divided the sample at the median ve-
locity of —11,000 km s™'. With this split, the S20 data still
clearly show an HR offset (at higher significance, in fact)
of 0.090 £0.025 mag, with high-velocity objects showing a
more negative HR. For the Foundation SNe, we find that the
objects in the higher velocity bin have a weighted average
HR of —0.012 4+ 0.048 mag and the objects in the lower ve-
locity bin have a weighted average HR of 0.003£0.011 mag,
corresponding to an offset of 0.015 +0.049 mag.

Again the Foundation results are consistent with those of
S20, and in the same sense (high-velocity SN with negative
HR), but the offset is not significant in the Foundation sam-
ple by itself. There is a clear difference in the velocity dis-
tribution between the samples, with Foundation showing a
much smaller fraction of high-velocity SN Ia. As discussed
in § 4.4, the Foundation sample is based on wide-field un-
targeted surveys, yielding a large number of low-mass host-
galaxies that are largely absent in the S20 sample. Never-
theless, we do not believe that host-galaxy differences alone
drive the sample differences; Figure 6 shows that the paucity
of high-velocity SN Ia relative to other samples persists even
among higher-mass host-galaxies.

Understanding the origin of these sample differences,
whether they are related to selection effects or not, is of clear
importance. Pierel et al. (2020) show that, if uncorrected, the
HR offset between velocity subsamples found by S20 could
be a leading systematic uncertainty in future supernova sur-
veys aiming at precision cosmology, such as from the Nancy
Grace Roman Space Telescope (Hounsell et al. 2018). If, on
the other hand, supernova cosmology samples are more sim-
ilar to the Foundation objects, the effect may be muted.
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Figure 8. SALT2 Hubble residual vs vs; for objects in the Foundation sample (black) and from Siebert et al. (2020) (purple). The gray violin
plots show the distribution of the weighted mean for bootstrap resamples of the Foundation data, accounting for uncertainties in both axes;
the white stars show the mean of these values. The mean and uncertainty in the mean for the S20 data are shown in the purple dashed line
and shaded region. Like in the color offset, the Foundation data show a smaller Hubble-residual difference between normal and high velocity,

compared to the previous data.

4.6. Color Offsets in Subsamples

Our results so far have shown strong connections between
vsi and both light-curve and environmental parameters. Here
we circle back to one of the driving questions of our anal-
ysis: how do these affect the potential color offset between
high-velocity and normal SN Ia? In Fig. 9 we show cumula-
tive distribution functions as a function of color for the three
samples we analyze, split on velocity. FK11 used such an
analysis to support the hypothesis of a color offset; indeed
in the upper right panel we see a similar result to what they
found: the color distribution of high-velocity objects has a
similar shape to the normal objects, just shifted to a redder
color.

For the CSP objects, however, the shape of the CDF is dif-
ferent: a redder color offset for high-velocity SN Ia is only
clearly seen in the bluer part of the high-velocity distribu-
tion and there are more redder normal-velocity objects than
in WO9/FK11. The Foundation sample CDF looks different
than either CSP or W09/FK11, with nearly identical colors

among bluer objects, but with an indication of redder high-
velocity objects at the reddest colors. The CSP and Founda-
tion samples suggest that associating the differences between
high-velocity and normal SN Ia primarily with a color offset
may not be warranted. A more fine-grained approach, taking
into account light-curve properties, host-galaxy environment,
and sample selection effects may be necessary.

FK11 found the color offset was most significant using a
strict cut on light curve decline rate, 1.0 < Am;s < 1.5 mag,
aiming particularly to exclude fast-decliners. Translating this
to a cut on SALT2 x;, we would need to restrict our sample
to either 2.1 < x; < 4+0.6 (Guy et al. 2007) or 2.6 < x; <
+0.2 (Siebert et al. 2019), depending on the transformation
used. Unfortunately these cuts would eat into the bulk of
the “normal” SN Ia population on the slow-declining side.
The SALT?2 model is constructed so that the x; is distributed
with zero mean and unit variance, and there are many objects
where the transformed Ams is between 0.9 and 1.0. To avoid
making an overly stringent cut (that would exclude SN Ia
that are routinely found on cosmological Hubble diagrams),



we investigate the color offset distribution for objects with
—2 < x; < +1 in the middle panels of Fig. 9. For all three
samples, we do not see significant differences compared to
the full cosmological x; distribution.

Because the distribution of x; is markedly different be-
tween Foundation and the other datasets (see Figure 7), we
have also investigated whether this could be playing a role
in the lack of velocity color offset seen in Foundation. We
resampled the W09/FK11 and CSP datasets to mimic an x;
distribution based on Foundation (weighting objects based
on the frequency of their x; value in the Foundation sam-
ple). We repeated this procedure 50 times; the median color
offset of the W09 objects modified to have a Foundation-
like x; distribution was 0.031 mag, while for a combined
WO09/FK11+CSP sample it was 0.018 mag. Thus we con-
clude that the difference in x; distribution between Founda-
tion and other datasets does not explain the lack of a velocity
color offset seen in the Foundation objects.

Similarly we can test if the difference in host-galaxy
masses between Foundation the W09/FK11 and CSP could
be playing a role in the color offset. In the bottom panel of
Fig. 9, we plot the CDFs for each sample with cuts applied
such that there are only SNe with host-galaxy stellar masses
M, > 10°°M,. Note that applying this cut requires a mea-
sured host-galaxy stellar mass, so these panels include only
a subset of the full data seen in the top panel of Fig. 9. There
are subtle differences in each CDF, but the larger trends that
were seen in the previous two cases persist, and our results
are not sensitive to varying the host-galaxy stellar mass cut
atlog(M. /M) > 9.0, 9.5, or 10.0.

5. DISCUSSION AND CONCLUSIONS

By combining data from Foundation, CSP, and W09/FK11,
thus creating a larger sample than has previously been used
to study correlations of this kind, we find that there is 20
evidence for a color offset, Ac = 0.017 &= 0.007, between
high- and normal-velocity SNe Ia based on SALT2 light-
curve fits. The color offset is weakest (undetected) in the
Foundation sample that is fundamentally different than the
other two, comprising supernovae found from wide-field, un-
targeted surveys, unlike the higher-mass host galaxies tar-
geted in the discovery surveys that yielded the W09/FK11
and CSP supernovae. The tail of low-mass host galaxies seen
in the Foundation SN Ia sample is in good accord with other
untargeted surveys like PTF (Pan 2020), but it does not ap-
pear that host-galaxy differences can entirely explain our re-
sults.

Restricting to the WO9/FK11 sample, as seen in Fig. 1, we
find a color offset with lower significance using a SALT2
analysis than from an analysis based on B—V and Amys.
This may be partly due to the difference between the color
parameters in the two approaches, particularly over the re-
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stricted color range we analyze, where both intrinsic color
variations and dust reddening play significant roles in the ob-
served color. It may also be possible that, through its training,
SALT?2 has "learned" about velocity-dependent effects on the
light curves, and the fit parameters are already accounting for
these, partially mitigating the color offset (though see also
Pierel et al. 2020).

Nonetheless, even in a SALT2 based analysis, we see dif-
ferences in the strength of both a velocity-dependent color
offset and a velocity-dependent Hubble-residual step be-
tween subsamples, stronger in W09/FK11 and CSP than
Foundation. Both Foundation and CSP also seem to show a
lower fraction of high-velocity SN Ia than W09/FK11. While
the explosion velocity is clearly correlated with SN host-
galaxy stellar mass (Fig. 6), restricting the samples to a sim-
ilar range of host masses does not remove the color offset
differences between the samples. Host-galaxy stellar mass is
thus a confounding, not explanatory, factor in the analysis.
If the velocity-based differences are due to sample selection
(and not just “unlucky” small number statistics), the Founda-
tion objects must be probing a different population of SN Ia,
even in high stellar-mass hosts, than W09/FK11 and CSP.
It will be illuminating to repeat a color-offset analysis on up-
coming low-redshift SN Ia data sets; in particular, will results
from CSP-II be more similar to CSP-I or Foundation?

Other recent work has further explored the nature of high-
velocity SN Ia populations. Zhang et al. (2020) found that
the sample of SNe from Siebert et al. (2019) is well de-
scribed with a bimodal velocity distribution consisting of
a sharply peaked, normal velocity population and a more
broadly distributed, higher-velocity population. They sug-
gest high-velocity objects may be linked to asymmetric ex-
plosions; in that case, our results show that the geometry
of the explosion would then also be correlated with envi-
ronmental factors like the host-galaxy stellar mass. Burrow
et al. (2020) also note a distinct high-velocity (what they call
“fast”) population in the CSP data, using a parameter space of
maximum B-band brightness, vs;, and the pseudo-equivalent
widths of Si IT A6355 and A5972. They also note that these
objects are redder than their normal counterparts, ascribing
this due to dust reddening based on their location in color-
color space and their preferential location in dusty or central
regions of their hosts. Foley et al. (2012) also show evidence
for a connection between SN ejecta velocity and circumstel-
lar or interstellar absorption. Similar to our results, this sug-
gests an intriguing connection between SN Ia intrinsic prop-
erties (i.e., the explosion velocity) and environment.

Going forward, the near-term future of high-precision su-
pernova cosmology, including from flagship surveys like the
Vera Rubin Observatory Legacy Survey of Space and Time
(LSST) and the Nancy Grace Roman Space Telescope, will
be limited by systematic uncertainties. Astrophysical sys-
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tematics, potentially including the effects of explosion ve-
locity on SN Ia luminosity and colors, will play an important
role (Pierel et al. 2020). Further investigation is needed to
determine whether direct spectroscopic measurements of su-
pernova ejecta velocity will be necessary for the highest fi-
delity results. Given these will be large samples (thousands
to hundreds of thousands of supernovae) of distant, thus faint,
supernovae, it will be extremely difficult, if not prohibitive,
to collect the spectroscopic data required for ejecta velocity
measurements.

Our work suggests that perhaps some of the velocity-
dependent information is encoded in the photometry, particu-
larly in redder optical rest-frame bands (Figs. 3 and 4). If so,
supernovae observed with the Roman Space Telescope may
be especially valuable, as its near-infrared data will cover

rest-frame r and i for the majority of SN Ia it can observe'?
(Hounsell et al. 2018). Velocity-dependent systematics may
play a bigger role for Rubin Observatory LSST SN Ia.
Improvements in light-curve fitting also provide a poten-
tial avenue to address velocity-dependent effects. Our results
show that SALT2 may already be doing something “under the
hood” to mitigate velocity effects (Fig. 1) or identify high-
velocity objects (compare the right panels of Figs. 3 and 4)
relative to direct analysis of the B—V color at maximum.
Even if SALT?2 is superseded in the future, it will be im-
portant to analyze the relationship between SN Ia standard-
ized luminosity, any color parameter (or parameters), and the
explosion velocity. In fact, we suggest that, along with su-
pernova photometry, host-galaxy information, etc., vs; also
be included in the training of future SN Ia light-curve fit-

12 One potential worry is that the lowest-redshift SN Ia may not have sufficient

rest-frame blue coverage with Roman alone.



ters. The benefit of this will be twofold: first, it will allow
better distances to SN Ia for which the explosion velocity
can be spectroscopically measured; but also second, it can
be used to unveil differences in light curves as a function of
velocity (and host-galaxy properties, light-curve shape and
colors) that can be applied to SN Ia without measured veloc-
ities. Moreover, such an approach can go beyond the hints of
velocity-dependent information we see in our SALT2 anal-
ysis, and remove the somewhat arbitrary bifurcation of our
sample into just normal and high-velocity bins.

We are unfortunately lacking both physical understand-
ing and empirical data to know whether the velocity corre-
lations we are seeing at low redshift apply to high-redshift
SN Ia. The perhaps surprising connection between intrinsic
properties of the supernova explosions (like ejecta velocity
or light-curve shape) and environmental factors (interstellar
dust, host-galaxy stellar mass, star-formation rate, or mor-
phology) must presumably be mediated through the progeni-
tor systems and explosion mechanisms of SN Ia.

Even as we develop a better picture of SN Ia progenitor and
explosion channels, and thus the underlying population of
supernovae, our analysis of differences between subsamples
suggests that survey selection effects are not always straight-
forward to account for, even in the nearby Universe. It may
be that the best use of large, future SN Ia surveys will be,
counterintuitively, to provide more restricted and homoge-
neous samples. For instance, SN Ia in the lowest-mass host
galaxies may be more uniform and standardizable than the
rest (Brout & Scolnic 2020); they tend to occupy a rather nar-
row range of light-curve parameters (Fig. 7, lower panels).
Confirming the results of Pan et al. (2015) and Pan (2020),
we show that these objects also predominantly have normal
ejecta velocities (Fig. 6), leaving little leverage for velocity-
dependent effects on luminosity or colors to operate. If these
supernovae also come from young stellar populations, they
could remain an identifiably homogeneous class at every cos-
mic epoch. It may be that the biggest cosmological benefit of
upcoming huge SN Ia surveys, like Rubin and Roman, will
be to provide large samples of these “most standard” of our
standardizable candles.
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Table 1. Supernova velocities, light-curve parameters, and Hubble residuals for the Foundation sample.

APPENDIX

Supernova z V[S)i + c + X1 + fo + mp + Lres + Host mass + Figures
(10° km s™h) (MJD) (mag) (mag) log (M. /M)

2016afk 0.046 -12.62 0.25 0.035 0.035 -0.27 0.20 57440.77 025 1748 0.04 0.12 0.15 9.77 0.16  2,4,6,7,8,92,9b,9¢c
2016c0j 0.005 -11.95 0.22 -0.011 0.032 -1.51 0.07 57548.16 0.09 12.84 0.04 10.83 0.16 6,7
2016¢cor 0.050 -9.63 0.23 0.144  0.034 -0.57 0.28 57541.73 0.24 18.10 0.04 0.20 0.15 10.29 0.16 2,4,6,7,8,92,9b,9¢c
2016¢cvv 0.045 -12.26  0.57 0.067 0.038 137 029 5755834 0.62 17.21 0.05 -0.00 0.17 11.10 0.16 2,4,6,7,8,9a,9¢c
2016esh 0.045 -1045 0.22 -0.097 0.038 -1.32  0.25 5761329 0.20 16.83 0.04 -0.25 0.16 9.94 0.16  2,4,6,7,8,9a,9b,9¢c
2016glp 0.085 -16.77 0.24 0.133  0.041 096 0.35 57658.74 0.22 18.86 0.06 0.00 0.15 10.90 0.16 2,4,6,7,8,92,9b,9¢c
2016gmg 0.049 -10.93 0.23 —0.046  0.041 -1.76  0.26 57662.14 0.22 17.52 0.05 0.03 0.16 11.40 0.16  2,4,6,7,8,9a,9b,9¢c
2016gsu 0.076 -10.04 0.23 -0.114  0.045 -1.88 0.54 57671.15 047 18.30 0.04 0.13  0.18 10.37 0.16  2,4,6,7,8,9a,9b,9¢c
2016hhv 0.062 -11.42  0.24 -0.175 0.056 -0.76 045 57691.77 1.83 17.60 0.11 0.03 0.18 11.50 0.16 2,4,6,7,8,92,9b,9¢c
2016htn 0.053 -10.32  0.23 0.080 0.035 -0.18 0.32 57701.31 0.26 17.78 0.04 -0.02 0.16 10.74 0.16  2,4,6,7,8,92,9b,9¢c
2016ixf 0.066 -10.84 0.22 -0.107  0.039 0.76  0.33 57742.63 0.71 17.79  0.05 0.19 0.17 7.87 0.16 2,4,6,7,8,9a,9b
2017cfc 0.024 -10.04 0.24 —0.008 0.030 -0.90 0.08 57837.52 0.10 15.89 0.03 -0.01 0.17 10.65 0.16 2,4,6,7,8,92,9b,9¢c
2017cii 0.033 -10.16  0.22 -0.103  0.033 034 0.14 57837.44 0.54 1628 0.04 0.09 0.16 9.78 0.16  2,4,6,7,8,92,9b,9¢c
2017ciy 0.038 -9.59  0.23 -0.012  0.035 1.20 0.19 57838.64 0.55 17.09 0.04 039 0.16 10.21 0.16 2,4,6,7,8,9a,9c
2017cjv 0.060 -11.07 0.23 -0.102  0.037 -1.27 029 5783993 0.54 17.69 0.04 0.02 0.17 10.81 0.16 2,4,6,7,8,92,9b,9¢c
2017ckx 0.027 -9.86 0.23 -0.027 0.038 2.10 0.59 57846.02 1.01 16.02 0.04 0.28 0.21 10.47 0.16 2,4,6,7,8,9a,9¢c
2017cpu 0.054 -11.45 0.23 -0.053  0.035 0.74 0.31 57847.69 0.56 17.11 0.04 -0.25 0.16 10.67 0.16  2,4,6,7,8,9a,9b,9¢c
2017hn 0.024 -11.01  0.22 -0.014  0.033 0.56 0.18 57768.25 0.32 15.64 0.04 -0.04 0.17 10.65 0.16 2,4,6,7,8,92,9b,9¢c
2017mf 0.026 -10.59  0.22 -0.043  0.031 -0.03 0.11 57779.00 0.23 1599 0.03 0.17 0.17 10.80 0.16  2,4,6,7,8,92,9b,9¢c
20170z 0.056 -13.72  0.22 -0.022  0.035 -0.10 0.28 57788.03 0.27 17.51 0.04 -0.08 0.16 10.04 0.16  2,4,6,7,8,9a,9b,9¢c
2017po 0.032 -12.72  0.23 -0.069 0.032 0.22 0.22 57784.33 0.60 16.13 0.04 -0.07 0.16 9.39 0.16 2,4,6,7,8,92,9b
2017yk 0.046 -1045 0.26 10.62 0.16 6
2017zd 0.029 -10.64 0.25 -0.043  0.031 0.24 0.09 57793.10 0.10 15.89 0.04 -0.21 0.16 10.11 0.16  2,4,6,7,8,9a,9b,9¢c
ASASSN-15fa 0.027 -10.24  0.22 10.86 0.16 6
ASASSN-15go 0.019 -13.08 0.22 0.235 0.045 280 0.67 57122.39 0.05 15.86 0.05 24
ASASSN-15il 0.023 -10.83  0.22 -0.118 0.032 1.30 0.10 57161.31 0.16 15.16 0.05 -0.09 0.17 10.13 0.16 2,4,6,7,8
ASASSN-15mg  0.043 -10.65 0.23 -0.032  0.035 -1.55 0.15 57218.11 0.13 17.22 0.04 0.03 0.16 10.13 0.16 2,4,6,7,8
ASASSN-15np 0.038 -9.29  0.26 0.059 0.034 -1.07 0.21 57241.66 0.53 17.05 0.04 -0.15 0.16 10.46 0.16 2,4,6,7,8
ASASSN-15nr 0.023 -10.59  0.23 0.041  0.033 125 0.16 57250.08 0.12 1557 0.04 -0.12  0.17 10.27 0.16 2,4,6,7,8
ASASSN-150d 0.018 -11.93 0.23 -0.086  0.033 -1.20 0.12 57256.58 0.25 15.04 0.04 0.02 0.19 9.72 0.16 2,4,6,7,8
ASASSN-15pn 0.038 -10.94 0.24 0.011 0.033 042 0.16 57280.42 0.23 1694 0.04 0.03 0.16 9.48 0.16 2,4,6,7,8
ASASSN-15pr 0.033 -11.61 0.24 —0.048  0.042 -0.70 0.24 5728295 094 16.64 0.06 0.18 0.17 9.88 0.16 2,4,6,7,8
ASASSN-15sf 0.025 -9.87 0.22 -0.069 0.031 0.79 0.10 57333.39 0.13 15.68 0.03 0.12  0.17 9.37 0.16 2,3b,4,6,7,8
ASASSN-15ss 0.036 -10.61 0.22 -0.111  0.038 0.79 0.23 57338.15 0.79 16.32 0.06 -0.03 0.16 10.84 0.16 2,4,6,7,8
ASASSN-15tg 0.036 -11.50 0.26 -0.041  0.033 .72 020 57361.08 0.39 1625 0.03 -0.19 0.16 10.29 0.16 2,4,6,7,8
ASASSN-15uu 0.027 -10.70  0.26 9.74 0.16 6
ASASSN-15uv 0.020 -12.35  0.22 0.267 0.030 030 0.10 5739246 0.14 16.32 0.04 0.13  0.18 24
ASASSN-15uw  0.031 -12.33  0.22 0.008  0.031 -046 0.10 5739299 0.13 1657 0.03 0.14 0.16 10.42 0.16 2,4,6,7,8
ASASSN-16ad 0.016 -12.35  0.22 9.46 0.16 6
ASASSN-16aj 0.031 -11.62 0.22 -0.018 0.033 -1.76  0.14 5740197 037 1641 0.04 -0.10 0.16 10.82 0.16 2,4,6,7,8
ASASSN-16ay 0.028 -11.16  0.25 0.209 0.033 1.04 0.14 5741648 0.45 16.76  0.04 0.09 0.17 10.18 0.16 2,4,6,7,.8
ASASSN-16bq 0.025 -12.58 0.25 -0.052 0.032 -1.69 0.06 57437.87 0.18 16.04 0.04 0.09 0.17 10.84 0.16 2,6,7,8
ASASSN-16¢ch 0.027 -11.04 0.28 0.308 0.032 -0.41 0.07 57454.84 0.14 17.13 0.04 10.01 0.16 4,6,7
ASASSN-16ct 0.042 -9.82  0.24 -0.008  0.032 1.54 0.17 57459.81 0.44 16.80 0.04 -0.11  0.16 9.32 0.16 2,4,6,7,8
ASASSN-16dw  0.035 -10.65 0.22 0.072  0.032 -0.11 0.12 5748249 027 16.71 0.04 -0.23 0.16 10.28 0.16 2,4,6,7,8
ASASSN-16fo 0.029 -15.07 0.22 -0.113  0.030 0.54 0.14 57540.13 0.29 15.83 0.03 0.00 0.16 10.23 0.16 2,4,6,7,8
ASASSN-16fs 0.029 -1223  0.22 -0.024  0.034 -1.42 0.12 5754250 030 16.14 0.04 -0.20 0.17 10.97 0.16 2,4,6,7,8

Table 1 continued
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0

Supernova z Vgi + c + X + I + mg + hres + Host mass + Figures
(103 kms™) (MJID) (mag) (mag) log (M. /M)

ASASSN-16hr 0.031 -16.83  0.94 10.04 0.16 6
ASASSN-16jf 0.011 -10.83 0.24 —-0.030  0.043 -226 0.18 57630.05 022 1456 0.05 0.19 025 2.4
ASASSN-16la 0.015 -993 0.22 -0.102  0.032 0.84 0.09 5767175 0.09 14.24 0.05 -0.14 0.20 9.14 0.16 2,4,6,7.8
ASASSN-16lg 0.021 -10.30 0.23 -0.039  0.034 -1.32  0.15 5767457 0.17 15.21 0.04 -0.37  0.18 10.57 0.16 2,4,6,7,8
ASASSN-17aj 0.021 -10.36  0.22 0.001  0.030 0.19 0.10 57773.09 0.10 15.53 0.03 0.01 0.17 10.48 0.16 2,4,6,7.8
ASASSN-17at 0.025 -11.76  0.22 —-0.015 0.033 -1.55 0.21 57777.02 0.04 16.16 0.04 0.08 0.17 10.31 0.16 2,4,6,7.8
ASASSN-17eb  0.049 -10.90 0.22 0.051  0.036 -1.52  0.18 57836.89 0.50 17.52 0.05 -0.21 0.16 11.07 0.16 2,4,6,7.8
ATLAS16agv 0.048 -10.10 0.23 -0.088 0.032 1.37  0.18 57469.94 031 16.84 0.03 -0.09 0.15 5.00 0.16 2,4,6,7,8,9a
ATLAS16bwu 0.072 -9.47 0.25 0.044  0.037 0.08 0.28 57609.32 0.47 1822 0.04 -0.03 0.16 10.01 0.16  2,4,6,7,8,9a,9b,9¢c
ATLAS17ajn 0.029 -10.31  0.22 -0.099 0.038 -2.02 0.11 5777645 044 1627 0.06 0.10 0.17 10.62 0.16 2,4,6,7,8,9a,9¢
ATLAS17axb 0.032 -11.53 0.22 —-0.081 0.033 -0.16 0.12 57796.67 0.18 16.10 0.04 -0.10 0.16 9.84 0.16 2,4,6,7,8,9a,9b,9¢c
CSS160129 0.068 -11.87 0.22 -0.149  0.035 0.60 0.17 57416.44 0.60 17.52 0.04 -0.06 0.16 8.16 0.16 2,4,6,7,8,9a,9b
Gaial6bba 0.030 -10.06 0.22 8.18 0.16 6
PS15ahs 0.026 -9.61 0.22 -0.072  0.030 0.18 0.07 5715671 0.08 15.73 0.03 0.03 0.17 9.82 0.16 2,4,6,7,8,9a,9b,9¢c
PS15aii 0.047 -1048 0.23 —-0.051 0.031 044 0.12 5715890 0.13 17.12 0.03 0.05 0.15 10.90 0.16  2,4,6,7,8,9a,9b,9¢c
PS15bwh 0.073 -11.32  0.26 -0.075  0.036 0.70  0.19 57279.02 0.13 17.67 0.04 -0.22  0.16 5.00 0.16 2,4,6,7,8,9a,9b
PS15bzz 0.080 -11.08 0.24 -0.018 0.031 -1.00 0.25 5728445 0.61 1834 0.04 -0.09 0.15 9.59 0.16  2,4,6,7,8,9a,9b,9¢c
PS15coh 0.019 -10.78  0.22 8.63 0.16 6
PS15cze 0.039 -1145 0.23 0.031  0.037 -1.53 023 5736432 0.16 17.57 0.05 030 0.16 10.81 0.16  2,4,6,7,8,9a,9b,9c
PS16bby 0.053 -10.54 0.22 0.004  0.037 -0.86 0.25 5746690 021 17.68 0.05 0.01 0.16 9.93 0.16 2,4,6,7,8,9a,9b,9¢
PS16bnz 0.063 -12.82  0.35 -0.128  0.034 -1.12  0.21 5748748 0.15 17.67 0.04 -0.04 0.16 11.66 0.16  2,4,6,7,8,9a,9b,9¢c
PS16¢cqa 0.044 -1091 0.25 0.174  0.056 -2.77 0.36 5754526 0.81 1823 0.08 2,492
PSl6¢cve 0.030 -11.32  0.22 9.76 0.16 6
PS16dnp 0.051 -882 0.25 —0.081 0.034 096 024 57597.83 034 17.28 0.04 0.15 0.16 8.39 0.16 2,4,6,7,8,9a,9b
PS16em 0.070 -10.61 0.23 0.206  0.087 -1.01 0.19 57386.50 1.06 18.80 0.13 10.62 0.16  2,4,6,7,9a,9b,9¢c
PS16evk 0.054 -9.77  0.28 -0.020 0.039 145 032 5769472 0.73 17.39 0.05 0.02 0.17 10.25 0.16 2,4,6,7,8,9a,9¢c
PS16fa 0.046 -10.17  0.23 -0.004  0.031 -0.64 0.09 57400.33 0.18 1742 0.03 0.10 0.15 10.76 0.16  2,4,6,7,8,9a,9b,9¢
PS16fbb 0.052 -10.07 0.22 -0.119  0.035 0.70 0.23 57719.61 0.21 17.26 0.04 0.14 0.16 9.38 0.16 2,4,6,7,8,9a,9b
PS16n 0.053 -10.14 0.23 —-0.055 0.039 -0.31 0.18 5739252 0.17 1741 0.05 -0.00 0.16 10.33 0.16 2,4,6,7,8,9a,9b,9¢c
PS17bii 0.073 -10.59 0.24 -0.093  0.043 -0.95 0.37 57811.77 0.36 18.08 0.05 0.00 0.17 10.69 0.16  2,4,6,7,8,9a,9b,9¢c
PSNJ0153424 0.026 -10.51 022 0.072  0.031 -0.58 0.07 57393.66 0.09 1621 0.04 -0.03 0.17 10.66 0.16  2,4,6,7,8,9a,9b,9¢c
PTSS-16efw 0.036 -10.40 0.28 -0.118  0.037 -0.09 0.15 5750943 0.70 16.71 0.07 0.26 0.16 10.74 0.16 2,4,6,7,8,9a,9b,9¢c

NoTE—Uncertainties for the host-galaxy mass measurements in subsequent tables are based on the standard deviation of individual mass measurements from various sources. Objects
with only a single mass measurement are given the median uncertainty of the sample where there are two or more measurements (see section 4.4.1). The masses for the Foundation
host-galaxies are taken only from Jones et al. (2018); thus their uncertainties are uniform. The last column of this and two subsequent tables show which objects are used in which
Figures in this paper.

Table 2. Supernova velocities and light-curve parameters for the CSP sample.

Supernova z v + c + X1 + to + mp +  Hostmass £ Figures

(10* kms™) (MJD) (mag) log (M. /M)
2004dt 0.020 -1593 0.22 -0.041  0.025 -0.30 0.03 53239.79 0.03 1495 0.03 10.55 0.16 1,2,4,6,7,9a2,9b,9¢
2004ef 0.031 -12.29 0.23 0.087  0.021 -1.40 0.02 53264.22 0.03 16.61 0.02 10.90 0.14  1,2,3a,3b,4,6,7,92,9b,9¢
2004e0 0.015 -10.57  0.22 0.005  0.022 -1.22  0.02 5327842 0.03 14.84 0.03 11.09 0.14  1,2,3a,3b,4,6,7,9a,9b,9¢c
2004ey 0.016 -11.20 0.40 -0.131  0.020 0.08 0.02 53304.53 0.02 1446 0.03 10.01 0.14  1,2,3a,3b,4,6,7,92,9b,9c
2004gc 0.032 -10.34  0.49 0.092  0.023 -0.64 0.04 5332626 0.14 16.55 0.04 10.43 0.16 2,3a,3b,4,6,7,9a,9b,9¢
2004gs 0.028 -1148 0.24 0.123  0.022 -1.88 0.03 53356.03 0.06 16.90 0.02 10.82 0.16  1,2,3a,3b,4,6,7,92,9b,9¢
2004gu 0.046 -10.63  0.37 10.36 0.18 6
2005A 0.018 -14.05 0.24 0.981 0.022 -0.42 0.03 53380.00 0.06 17.93 0.02 11.27 0.16 3a,3b,6,7
2005ag 0.079 -11.56 043 -0.045 0.023 027 0.05 53414.84 0.09 18.19 0.02 11.46 0.16 2,3a,3b,4,6,7,9a,9b,9¢
2005al 0.012 -10.74 0.25 -0.129  0.023 -1.31 0.02 53430.68 0.01 14.61 0.02 10.86 0.16 2,3a,3b,4,6,7,9a,9b,9¢
2005am 0.008 -12.16 0.23 0.007  0.023 -1.86 0.03 53436.18 0.10 1340 0.02 11.17 0.36 3a,3b,4,6,7

Table 2 continued
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Supernova z V(S)i + c + X + to + mp + Host mass + Figures

(103 kms™") (MID) (mag) log (M. /M)
2005be 0.035 -9.32  0.62 10.53 0.20 6
2005bg 0.023 -10.79  0.36 -0.025 0.022 039 0.06 53469.84 0.12 15.60 0.02 10.24 0.16  2,3a,3b,4,6,7,92,9b,9¢
2005bl 0.024 993 0.24 11.17 0.16 6
2005bo 0.014 -11.39  0.22 0.226  0.023 -1.11  0.12 5347877 0.15 1540 0.02 10.43 0.13 1,2,3a,3b,4,92,9b,9¢
2005el 0.015 -10.80 0.22 -0.149  0.024 -1.27 0.04 53646.80 0.05 14.61 0.03 10.97 0.16  1,2,3a,3b,4,6,7,92,9b,9¢
2005eq 0.029 -10.10 0.25 0.014 0.022 1.45 0.05 53654.77 0.10 16.05 0.03 10.80 0.20 2,3a,3b,4,6,7,9a,9¢
2005hc 0.045 -11.66 023 -0.028  0.021 0.78 0.04 53667.65 0.05 17.05 0.02 10.65 0.18  1,2,3a,3b,4,6,7,92,9b,9¢
2005hj 0.058 -10.54 0.23 0.002 0.023 1.59  0.10 5367441 0.16 17.48 0.02 9.62 0.13 2,3a,3b.4,6,7,9a,9¢
2005iq 0.033 -10.87 0.23 -0.095 0.022 -1.19 0.04 53687.77 0.04 16.51 0.02 10.62 0.22  1,2,3a,3b,4,6,7,92,9b,9¢
2005ir 0.076 -1341 0.24 0.002  0.023 0.67 0.12 5368534 0.15 18.17 0.02 10.23 0.13 2,3a,3b,4,6,7,9a,9b,9¢
2005ke 0.014 -10.63 0.23 0.179  0.022 -0.76  0.04 53697.75 0.03 1531 0.03 10.95 0.13  1,2,3a,3b,4,6,7,92,9b,9¢
2005ke 0.005 -9.81 0.24 10.82 0.15 6
2005ki 0.019 -1128 025 -0.081 0.022 -148 0.03 53705.27 0.06 1530 0.02 11.08 0.16  1,2,3a,3b,4,6,7,92,9b,9¢
2005ku 0.045 -1221 0.73 0.093 0.023 -0.19 0.14 53698.99 0.22 17.33 0.02 10.00 0.20  2,3a,3b,4,6,7,92,9b,9¢
20051u 0.032 -10.43 042 10.35 0.26 6
2005M 0.022 -8.79 023 0.010  0.021 1.24  0.03 5340625 0.03 15.68 0.02 10.28 0.13 2,3a,3b,4,6,7,9a,9¢
2005mc 0.025 -11.28 0.24 0.194  0.025 -1.99 0.04 53730.74 0.07 16.74 0.03 10.95 0.14  2,3a,3b,4,6,7,92,9b,9¢
2005na 0.027 -10.74 0.23 -0.085 0.021 -0.42 0.03 53740.69 0.06 15.70 0.02 11.05 0.12  1,2,3a,3b,4,6,7,92,9b,9¢
2005W 0.009 -10.62 022 0.122  0.021 -0.43 0.05 53412.25 0.03 1394 0.02 10.64 0.16  2,3a,3b,4,6,7,92,9b,9¢
2006ax 0.017 -10.26  0.23 -0.098  0.020 0.16 0.02 53827.52 0.02 14.76 0.02 1,2,3a,3b,4,92,9b
2006bd 0.026 -11.21 043 0.784  0.050 -240 0.26 53825.86 0.07 18.93 0.06 11.06 0.16 3a,3b,6,7
2006bh 0.011 -1548 022 -0.062  0.023 -1.67 0.04 53833.46 0.07 14.08 0.02 10.87 0.13 2,3a,3b,4,6,7,92,9b,9¢
2006br 0.025 -14.17  0.49 0.851 0.031 -0.72 0.12 53851.48 048 18.73 0.05 10.95 0.12 3a,3b,6,7
2006D 0.009 -10.62 0.22 -0.012  0.023 -1.59 0.03 53757.59 0.05 13.87 0.02 10.03 0.16  1,2,3a,3b,4,6,7,92,9b,9¢
2006ef 0.017 -12.15 030 -0.015 0.026 -1.52 0.07 53969.20 0.10 15.28 0.03 10.64 0.13 1,2,3a,3b,6,7,9a,9b,9¢
2006€j 0.019 -12.46 0.30 -0.016  0.026 -1.53  0.05 53976.09 0.20 1546 0.03 1091 0.15 1,2,32,3b,6,7,9a,9b,9¢
2006eq 0.049 -11.74  0.63 0.090 0.028 -2.09 0.07 5397421 0.01 1795 0.03 10.40 0.21 2,3a,3b,4,6,7,9a,9¢
2006et 0.022 -10.12  0.31 0.139  0.021 076 0.03 53994.23 0.04 15.72 0.02 11.01 0.14  2,3a,3b,4,6,7,92,9b,9¢
2006ev 0.029 -10.70  0.23 0.097 0.024 -1.31 0.07 53989.48 0.25 16.81 0.03 10.98 0.17 2,3a,3b,4,6,7,9a2,9b,9¢
2006fw 0.083 -10.82 042 0.018  0.025 -0.72  0.11 54003.66 0.14 18.68 0.02 10.05 0.14 2,3a,3b,4,6,7,9a,9b,9¢
2006gj 0.028 -11.34  0.25 11.39 0.59 6
2006gt 0.045 -10.39 0.25 0.115 0.023 -2.12  0.07 54002.75 0.12 17.93 0.02 10.20 0.16 2,3a,3b.4,6,7,9a,9¢
2006hx 0.045 -10.59 045 0.042  0.024 -0.14 0.07 54022.04 0.05 17.26 0.02 10.39 0.12 2,3a,3b,4,6,7,9a,9b,9¢
2006is 0.031 -14.12 031 —0.089  0.024 1.94 0.09 54007.95 0.20 15.89 0.03 2,3a,3b,4,9a
2006kf 0.021 -1143 0.23 -0.049  0.026 -2.08 0.05 54041.26 0.07 15.69 0.05 10.97 0.12 1,2,3a,3b,4,6,7,9a,9¢
20061u 0.053 -16.59 0.29 10.56 0.56 6
2006mr 0.006 -10.21 0.23 11.35 0.16 6
20060b 0.058 -898 0.68 -0.012  0.025 -2.16 0.10 54063.31 0.12 17.95 0.02 11.43 0.22 1,2,3a,3b,4,6,7,9a,9¢
20060s 0.032 -1191  0.66 0314 0.023 -0.67 0.06 54064.75 0.15 17.38 0.03 11.30 0.31 3a,3b,6,7
20060t 0.053 -13.90 091 11.36 0.16 6
2006py 0.058 -11.40 0.27 0.016 0.023 021 0.20 54070.87 0.21 17.64 0.02 9.96 0.13 2,3a,3b,4,6,7,92,9b,9¢
2006X 0.003 -13.90 0.22 10.80 0.12 6
2007A 0.018 -10.56  0.22 0.148  0.022 0.59 0.10 54113.27 0.07 1546 0.03 10.60 0.22 2,3a,3b,4,9a,9b
2007af 0.005 -10.99 0.22 -0.014  0.021 -0.57 0.03 5417452 0.03 12.85 0.02 9.84 0.12 3a,3b,4,6,7
2007ai 0.032 -9.98 025 0.160  0.028 098 0.09 54173.58 0.17 16.80 0.06 11.08 0.16 2,3a,3b,4,6,7,9a,9b,9¢
2007al 0.012 -9.85 0.26 9.62 0.16 6
2007as 0.018 -12.96 0.66 0.050 0.023 -1.00 0.04 54181.67 0.09 1523 0.03 10.41 0.16  2,3a,3b,4,6,7,92,9b,9¢
2007ax 0.007 -9.77 030 0.505  0.027 -2.00 0.06 54187.67 0.09 1595 0.03 10.53 0.16 3b,6,7
2007ba 0.038 -10.61 0.31 0272 0.024 -2.26 0.06 54197.10 0.07 17.52 0.02 11.06 0.16 2,3a,3b,4,6,7,9a,9¢
2007bc 0.022 -1049 0.26 -0.002  0.022 -1.10  0.03 54200.35 0.07 15.58 0.02 10.83 0.14  1,2,3a,3b,4,6,7,92,9b,9¢
2007bd 0.032 -1249 023 -0.071  0.023 -1.08 0.04 54206.84 0.05 16.27 0.02 10.79 0.16  1,2,3a,3b,4,6,7,92,9b,9¢c
2007bm 0.007 -10.82  0.49 0.384 0.023 -0.94 0.04 5422494 0.08 14.15 0.02 10.42 0.23 3a,3b,6,7
2007ca 0.015 -11.09 0.28 0.234  0.022 0.57 0.03 54227.71 0.04 15.63 0.02 9.75 0.27 2,3a,3b,4,6,7,92,9b,9¢
2007cg 0.033 -11.65 0.30 10.63 0.18 6

Table 2 continued



21

Table 2 (continued)

Supernova z V(S)i + c + X + to + mp + Host mass + Figures

(103 kms™") (MID) (mag) log (M. /M)
2007hj 0.014 -12.30 022 0.121  0.023 —2.06 0.04 54348.82 0.10 15.33 0.03 10.59 0.16 2,3a,3b,4,6,7,9a,9¢
2007jd 0.073 -15.02 028 0.075  0.024 -0.89 0.07 54361.69 0.01 18.63 0.03 10.05 0.16  2,3a,3b,4,6,7,9a,9b,9¢
2007jg 0.037 -12.62 045 -0.004 0.022 -0.58 0.06 54366.63 0.08 17.01 0.03 9.10 0.16 2,32,3b,4,6,7,9a,9b
2007jh 0.041 -10.68 0.32 11.11 0.12 6
20071e 0.007 -13.31 023 0.250  0.021 0.25 0.03 54399.38 0.03 13.61 0.02 10.46 0.16 3a,3b,4,6,7
2007N 0.013 -1041 022 0.844  0.041 -296 0.11 5412036 0.08 17.61 0.05 10.33 0.16 3a,3b,4,6,7
2007nq 0.045 -12.11 036 -0.022  0.023 -1.90 0.05 5439846 0.10 17.15 0.02 11.53 029  2,3a,3b,4,6,7,9a,9b,9¢
20070on 0.006 -1124 022 0.007  0.040 —2.30 0.08 54419.81 0.09 12.80 0.03 10.91 0.16 3a,3b,4,6,7
2007S 0.014 -10.65 0.22 0.377  0.023 1.09 0.05 5414469 0.05 1555 0.02 9.93 0.13 3a,3b,4,6,7
2007sr 0.006 -13.59 022 0.053  0.022 —0.02 0.03 5444958 0.09 12.48 0.02 10.45 0.42 3a,3b,4,6,7
2007ux 0.031 -10.74  0.39 10.28 0.12 6
2008ar 0.026 -10.59 022 -0.029 0.022 -0.15 0.04 54534.83 0.04 1595 0.02 10.38 0.13 2,3a,3b,4,6,7,9a,9b,9¢
2008bc 0.015 -11.55 023 —0.090  0.007 0.57 0.02 54550.05 0.03 14.47 0.04 10.14 0.16  2,3a,3b,4,6,7,9a,9b,9¢
2008bf 0.022 -11.59 024 -0.119  0.021 0.37 0.03 54555.11 0.03 1542 0.02 11.28 0.16  1,2,3a,3b,4,6,7,92,9b,9¢
2008bq 0.034 -10.79 031 0.045  0.022 036 0.04 54563.52 0.08 16.48 0.03 11.29 022 2,3a,3b,4,6,7,9a,9b,9¢
2008bz 0.060 -1143 024 -0.102  0.023 -0.50 0.08 54579.36 0.16 17.69 0.02 10.88 0.19  2,3a,3b,4,6,7,9a,9b,9¢
2008C 0.017 -10.87 022 0.120  0.023 -0.74 0.07 5446752 0.16 1542 0.03 10.50 0.14  2,32,3b,4,6,7,9a,9b,9¢
2008cd 0.007 -9.32 023 10.65 0.16 6
2008cf 0.046 -10.27  0.33 -0.105  0.029 136 0.39  54595.09 0.69 16.77 0.03 2,3a,3b,4,9a
2008fp 0.006 -10.99 022 0.358  0.022 0.29 0.03 54730.76 0.01 13.61 0.04 10.22 0.16 3a,3b,6,7
2008fr 0.039 -1096 022 -0.086  0.028 0.55 0.11 54732.62 0.32 16.56 0.03 8.70 0.23 2,3a,3b,4,6,7,9a,9b
2008gl 0.034 -11.99 057 0.002  0.022 -1.38 0.03 54768.21 0.06 16.55 0.02 11.12 0.12  2,3a,3b,4,6,7,9a,9b,9¢
2008gp 0.033 -9.79 022 -0.115  0.022 -0.14 0.03 54779.27 0.03 16.14 0.03 10.89 0.12  2,32,3b,4,6,7,9a,9b,9¢
2008hj 0.038 -12.79 023 —0.044  0.022 0.19 0.04 54801.88 0.04 16.51 0.02 10.43 0.12  2,3a,3b,4,6,7,9a,9b,9¢
2008hu 0.050 -12.34 071 -0.017 0.024 -1.74 0.06 54806.29 0.13 17.60 0.03 11.42 0.16  2,3a,3b,4,6,7,9a,9b,9¢
2008hv 0.013 -10.93 023 -0.074  0.022 -1.22  0.03 54817.02 0.03 14.48 0.02 10.80 0.17  2,32,3b,4,6,7,9a,9b,9¢
2008ia 0.022 -11.18 022 -0.064  0.025 -1.24 0.04 5481297 0.07 15.64 0.04 11.00 0.16  2,3a,3b,4,6,7,9a,9b,9¢
2008R 0.013 -9.82 022 0.044  0.023 —2.30 0.05 54494.07 0.08 14.98 0.03 11.11 0.16 2,3a,3b,4,6,7,9a,9¢
2009aa 0.027 -10.55 022 -0.047 0.021 -0.78 0.03 54878.44 0.03 16.04 0.02 2,32,3b,4,92,9b
2009ab 0.011 -10.56 022 -0.011 0.024 —0.99 0.05 54883.38 0.04 14.44 0.04 10.62 0.16  2,3a,3b,4,6,7,9a,9b,9¢
2009ad 0.028 -10.39 022 -0.035 0.022 0.19 0.03 54886.61 0.03 1591 0.03 10.79 020  2,3a,3b.4,6,7,9a,9b,9¢
2009ag 0.009 -10.26 029 0.087 0.024 -0.22  0.03 54889.65 0.06 14.26 0.05 10.59 0.16  2,32,3b,4,6,7,9a,9b,9¢
2009D 0.025 -9.96 022 -0.061  0.021 0.65 0.03 54841.41 0.04 1546 0.02 10.44 0.19  2,3a,3b,4,6,7,9a,9b,9¢
2009F 0.013 -13.98 022 0.415  0.020 -2.59  0.06 5484220 0.06 16.69 0.03 10.76 0.16 3a,3b,6,7
2009Y 0.009 -9.85 022 0.079  0.027 0.38 0.05 54876.16 0.06 1372 0.04 11.02 0.16  2,32,3b,4,6,7,9a,9b,9¢

Table 3. Supernova velocities and light-curve parameters for the W09/FK11 sample.

Supernova z vgi + c + X1 + to + mp + Host mass + Figures

(10° km s™") (MJD) (mag) log (M. /M)
1994ae 0.005 -1098 0.23 0.084  0.025 042 0.06 49685.33 0.05 12.87 0.03 9.90 0.24 3b,6,7
1995E 0.012 -1054 022 0764 0.028  -0.51 0.12 49775.18 0.24 1651 0.04 10.66 0.16 3b
1996bo 0.016 -1225 0.24 0329 0.026 -1.01 0.07 50387.11 0.08 15.63 0.03 10.37 0.16 3b,6,7
1996X 0.007 -11.17 022  -0.035 0.026 -1.08 0.07 50191.32 0.11 1276 0.03 10.85 0.16 1,3b,6,7
1997bp 0.008 <-11.8 0.172  0.025 042 0.10 50549.40 021 13.70 0.03 10.24 0.16 2,9a,9b,9¢
1997do 0.010 <-11.8 0.099  0.026 039 0.1 50766.36 0.09 14.15 0.03 9.30 0.16 1,2,92,9b
1997dt 0.008 -11.13  0.22 0486 0.030  —0.58 0.14 50785.87 0.11 1523 0.04 3b
1997E 0.014 1201 023 0.038 0.027 175 0.09 50468.03 0.10 1492 0.04 9.99 1.53 1,2,3b,92,9b
1998dh 0.009 -1204 022 0.080 0.027 -0.75 0.08 51029.67 0.07 13.65 0.03 10.66 0.16 2,3b,6,7,92,9b,9¢
1998ec 0.020 -12.88 0.22 0.135  0.031 0.09 023 5108890 022 1592 0.04 10.57 0.16 2,3b,9a,9b,9¢
1998ef 0.017 -1326 022  -0.088 0.028 -1.19 0.11 5111371 0.10 1459 0.03 10.52 0.16 1,2,3b,6,7,92,9b,9¢

Table 3 continued
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Table 3 (continued)

Supernova z V(S)i + c + X + to + mp + Host mass + Figures

(103 kms™") (MID) (mag) log (M. /M)
1998eg 0.024 -10.12  0.23 0.021  0.028 -0.50 0.22 5111075 0.02 1594 0.04 11.32 0.16 1,2,3b,9a,9b,9¢
1999cc 0.032 -12.03 0.24 -0.017  0.030 -1.62 0.12 5131554 021 16.54 0.03 10.97 0.12 1,2,3b,6,7,92,9b,9¢
1999¢cp 0.010 >-11.8 -0.015 0.026 -0.02 0.03 51363.28 0.03 13.71 0.03 9.48 0.16 1,2,9a,9b
1999dg 0.023 >-11.8 -0.072  0.030 -1.78 0.13 51392.84 023 15.69 0.03 1,2,9a,9b
1999dk 0.014 <-11.8 0.033  0.025 -0.15 0.05 5141474 0.05 14.57 0.03 10.20 0.16 1,2,9a,9b,9¢
1999¢j 0.015 >-11.8 -0.014  0.035 -1.52  0.23 5148250 0.62 15.12 0.05 10.58 0.16 1,2,9a,9b,9¢
1999gd 0.019 -10.37 023 0391  0.029 -1.06 0.12 51520.34 0.28 16.72 0.03 10.38 0.16 3b
2000cf 0.036 -9.95 024 -0.028  0.028 -1.02 0.17 5167424 044 16.84 0.03 9.60 0.16 1,2,3b,6,7,92,9b,9¢
2000cn 0.023 >-11.8 0.097  0.027 -241 0.14 5170736 0.07 1632 0.03 10.34 0.16 1,2,9a,9¢
2000cw 0.029 >-11.8 0.034  0.026 -0.76  0.10 5174835 0.09 16.48 0.03 . 1,2,9a,9b
2000dk 0.016 >-11.8 -0.015 0.027 -2.04 0.08 5181242 0.09 15.13 0.03 11.05 0.50 1,2,9a,9¢
2000dm 0.015 >-11.8 -0.019 0.028 -2.06 0.10 5181548 0.12 1491 0.04 1,2,9a
2000dn 0.032 >-11.8 —0.064  0.027 -0.35 0.10 51824.62 0.07 16.35 0.03 1,2,9a,9b
2000dr 0.018 >-11.8 0.084  0.027 -2.60 0.09 51833.71 0.08 15.74 0.03 1,2,9a
2000fa 0.022 <-11.8 0.056  0.027 0.49 0.08 51892.60 0.08 15.67 0.03 9.82 0.16 1,2,9a,9b,9¢
2001bf 0.015 >-11.8 -0.002  0.026 0.54 0.08 52046.79 0.18 1454 0.03 1,2,9a,9b
2001br 0.021 <-11.8 0.070  0.027 -1.32  0.10 52051.94 0.18 16.01 0.03 1,2,9a,9b
2001¢j 0.025 >-11.8 -0.082  0.025 0.61 0.08 52065.78 0.10 1559 0.03 1,2,9a,9b
2001ck 0.035 >-11.8 —0.044  0.027 -0.01 0.1 5207253 0.10 16.48 0.03 1,2,9a,9b
2001cp 0.022 >-11.8 —0.000 0.027 1.00  0.07 52088.48 0.06 1548 0.04 1,2,9a,9b
2001da 0.016 -11.53 022 0.091 0.034 -0.55 0.72 52107.52 1.08 1525 0.05 10.34 0.12 2,6,7,9a,9b,9¢
2001d1 0.020 >-11.8 0.278  0.026 0.20 0.07 52130.60 0.06 16.62 0.03 2,9a,9b
2001en 0.015 -13.32 022 0.022  0.027 -0.97 0.05 5219354 0.06 14.87 0.03 10.62 0.38 1,2,3b,6,7,92,9b,9¢
2001ep 0.013 -10.80 023 0.074  0.026 -0.95 0.06 52200.17 0.09 14.68 0.03 10.37 0.16 1,2,3b,6,7,92,9b,9¢
2001fe 0.014 -11.21  0.22 -0.041  0.027 075 0.09 5222930 024 1444 0.03 10.26 0.12 1,2,3b,9a,9b,9¢
2001fh 0.012 >-11.8 —0.089  0.042 -1.97 0.10 5222447 0.10 1443 0.13 1,2,9a,9b
2002aw 0.026 >-11.8 0.052  0.026 -0.30 0.09 5232556 0.05 1598 0.03 1,2,92,9b
2002bf 0.025 -1552 022 —0.096  0.089 —2.28 0.30 5233832 091 1580 0.15 10.68 0.13 1,2,9a,9¢
2002bo 0.005 -13.11 022 0.337  0.026 -0.51 0.07 5235730 0.04 13.68 0.03 10.83 0.16 3b,6,7
2002cr 0.010 -10.05 023 -0.021 0.026 -0.37 0.06 5240893 0.04 1398 0.03 9.48 0.16 1,2,3b,6,7,92,9b
2002cs 0.016 <-11.8 0.122  0.026 0.60 0.04 52409.72 0.04 1496 0.04 1,2,9a,9b
2002cu 0.023 <-11.8 0.041  0.026 -1.84 0.06 52416.16 0.05 1590 0.03 1,2,9a,9b
2002de 0.028 -1144 025 0.112  0.027 0.47 032 5243404 0.16 1642 0.03 10.74 0.14 1,2,3b,6,7,9a,9b,9¢
2002dj 0.009 -13.69 022 0.071  0.026 0.09 0.13 5245141 0.10 13.76 0.03 11.34 0.16 2,3b,6,7,92,9b,9¢
2002dp 0.010 -11.09 023 0.091 0.028 -0.12  0.22  52451.19 0.15 14.37 0.03 10.67 0.29 1,2,3b,6,7,92,9b,9¢
2002eb 0.026 >-11.8 -0.053 0.024 0.77 0.04 5249422 0.04 1577 0.03 1,2,92,9b
2002ef 0.023 <-11.8 0295  0.025 —0.49 0.08 5249094 0.08 16.42 0.03 2,9a,9b
2002el 0.028 >-11.8 -0.038  0.026 -1.29 0.07 52508.16 0.05 1592 0.03 1,2,9a,9b
2002er 0.009 >-11.8 0.099 0.026 -0.95 0.03 5252428 0.03 13.99 0.04 10.56 0.16 2,92,9b,9¢
2002fk 0.007 -10.01 0.24 -0.099  0.026 0.09 0.07 52547.99 0.16 1291 0.03 10.16 0.25 3b,6,7
2002ha 0.013 -1129 0.24 -0.059  0.028 -1.29 0.07 52581.33 0.11 14.51 0.03 11.04 0.13 1,2,3b,6,7,92,9b,9¢
2002he 0.025 -12.62 022 -0.023  0.032 -1.65 0.17 52586.19 0.11 16.03 0.04 10.99 0.17 1,2,3b,6,7,9a,9b,9¢
2002hu 0.038 -9.88 028 -0.089  0.026 0.53  0.09 52592.52 0.09 16.41 0.03 10.18 0.15 1,2,3b,6,7,9a,9b,9¢
2002hw 0.016 -11.13 023 0.400  0.007 -1.89 0.16 5259579 0.11 1649 0.02 10.38 0.16 3b
2003cq 0.034 -11.85 0.25 0.114  0.049 -0.65 0.14 52739.57 0.16 1694 0.06 11.39 0.16 1,2,92,9b,9¢
2003gt 0.015 >-11.8 0.034  0.025 -0.17  0.03 52861.77 0.03 14.73 0.03 1,2,92,9b
2003he 0.024 >-11.8 0.060  0.025 0.37 0.05 5287645 0.06 1599 0.03 1,2,9a,9b
2003W 0.021 <-11.8 0.118  0.025 0.08 0.06 52680.53 0.06 15.66 0.03 10.55 0.16 1,2,92,9b,9¢
2004as 0.032 -11.84 0.25 0.023  0.028 023 0.11 5308629 0.14 16.69 0.03 9.24 0.17 1,2,3b,6,7,92,9b
2004at 0.024 >-11.8 -0.081 0.025 -0.04 0.05 53091.97 0.04 1545 0.03 1,2,9a,9b
2004bw 0.022 >-11.8 . -0.052  0.027 —1.18 0.06 53162.78 0.08 15.60 0.04 1,2,9a,9b
2004dt 0.020 -1593 022 —0.041  0.025 -0.30 0.03 53239.79 0.03 14.95 0.03 10.55 0.16 1,2,4,6,7,9a,9b,9¢
2004ef 0.031 -12.29 023 0.087  0.021 -1.40 0.02 5326422 0.03 16.61 0.02 10.90 0.14  1,2,3a,3b,4,6,7,92,9b,9¢
2004e0 0.015 -10.57 022 0.005  0.022 -1.22  0.02 5327842 0.03 14.84 0.03 11.09 0.14  1,2,3a,3b,4,6,7,92,9b,9¢c

Table 3 continued



Table 3 (continued)

Supernova z V(S)i + c + X + to + mp + Host mass + Figures

(103 kms™") (MID) (mag) log (M. /M)
2004ey 0.016 -11.20 0.40 -0.131  0.020 0.08 0.02 5330453 0.02 1446 0.03 10.01 0.14  1,2,3a,3b,4,6,7,92,9b,9¢c
2004fz 0.016 >-11.8 -0.022  0.025 -1.34 0.06 5333352 0.04 14.67 0.03 1,2,9a,9b
2004gs 0.028 -1148 0.24 0.123  0.022 —1.88 0.03 53356.03 0.06 16.90 0.02 10.82 0.16  1,2,3a,3b,4,6,7,92,9b,9¢
2004S 0.010 >-11.8 0.032  0.026 -0.16 0.05 53040.22 0.18 13.97 0.04 1,2,9a,9b
2005A 0.018 -14.05 0.24 0.981  0.022 -042 0.03 53380.00 0.06 17.93 0.02 11.27 0.16 3a,3b,6,7
2005am 0.008 -12.16 023 0.007  0.023 -1.86 0.03 53436.18 0.10 13.40 0.02 11.17 0.36 3a,3b,4,6,7
2005bo 0.014 -11.39 022 0226  0.023 -1.11  0.12 5347877 0.15 1540 0.02 10.43 0.13 1,2,3a,3b,4,9a,9b,9¢
2005cf 0.007 -10.34 022 -0.012 0.026 -0.02 0.05 5353423 0.04 13.06 0.03 9.66 0.16 3b,6,7
2005de 0.015 >-11.8 0.049  0.025 -0.51 0.03 5359834 0.03 15.17 0.03 1,2,9a,9b
2005el 0.015 -10.80 0.22 —0.149  0.024 -1.27  0.04 53646.80 0.05 14.61 0.03 10.97 0.16  1,2,3a,3b,4,6,7,92,9b,9¢
2005hc 0.045 -11.66 0.23 -0.028 0.021 0.78 0.04 53667.65 0.05 17.05 0.02 10.65 0.18  1,2,3a,3b,4,6,7,92,9b,9¢
2005iq 0.033 -10.87 023 -0.095 0.022 -1.19 0.04 53687.77 0.04 16.51 0.02 10.62 022 1,2,3a,3b,4,6,7,92,9b,9¢
2005ke 0.014 -10.63 0.23 0.179  0.022 -0.76  0.04 53697.75 0.03 1531 0.03 10.95 0.13  1,2,3a,3b,4,6,7,92,9b,9¢
2005ki 0.019 -11.28 025 -0.081 0.022 -148 0.03 5370527 0.06 1530 0.02 11.08 0.16  1,2,3a,3b,4,6,7,92,9b,9¢
20051z 0.044 >-11.8 0.077  0.029 -1.19 0.12 53736.09 0.14 17.40 0.03 10.78 0.54 1,2,9a,9b,9¢
2005ms 0.026 >-11.8 -0.034  0.027 0.48 0.08 5374421 0.06 1591 0.03 10.50 0.22 1,2,9a,9b,9¢
2005na 0.027 -10.74 023 -0.085 0.021 -042 0.03 53740.69 0.06 15.70 0.02 11.05 0.12  1,2,3a,3b,4,6,7,92,9b,9¢
2006ac 0.024 -13.85 022 0.024  0.027 -1.01 0.06 53781.83 0.08 15.89 0.03 10.99 0.13 1,2,3b,6,7,92,9b,9¢
2006ax 0.017 -1026  0.23 -0.098  0.020 0.16 0.02 53827.52 0.02 1476 0.02 1,2,3a,3b,4,92,9b
2006az 0.031 -10.72  0.26 -0.088  0.026 -1.39  0.04 5382691 0.08 16.22 0.03 11.28 0.16 1,2,3b,6,7,92,9b,9¢
2006bq 0.021 -13.78 022 0.047  0.027 -1.63 0.06 5384826 0.14 1596 0.03 10.78 0.12 1,2,3b,9a2,9b,9¢
2006br 0.025 -14.17  0.49 0.851  0.031 -0.72  0.12 53851.48 0.48 1873 0.05 10.95 0.12 3a,3b,6,7
2006bt 0.032 -11.30 023 11.09 0.16 6
2006¢p 0.023 -13.48 0.24 0.077  0.027 0.34 0.08 53897.74 0.07 15774 0.03 10.03 0.19 1,2,3b,6,7,92,9b,9¢
2006D 0.009 -10.62 022 -0.012  0.023 -1.59 0.03 5375759 0.05 13.87 0.02 10.03 0.16  1,2,3a,3b,4,6,7,92,9b,9¢
2006dm 0.021 >-11.8 0.011  0.027 -1.86 0.07 5392828 0.07 15.80 0.03 1,2,9a,9b
2006ef 0.017 -12.15  0.30 -0.015 0.026 -1.52 0.07 53969.20 0.10 15.28 0.03 10.64 0.13 1,2,3a,3b,6,7,92,9b,9¢
2006¢j 0.019 -12.46 030 -0.016  0.026 -1.53  0.05 53976.09 020 1546 0.03 10.91 0.15 1,2,3a,3b,6,7,9a,9b,9¢
2006en 0.032 >-11.8 0.036  0.028 -0.34 0.08 53973.02 0.05 16.55 0.03 10.84 0.19 1,2,9a,9b,9¢
2006gj 0.028 -11.34 025 . 11.39 0.59 6
2006gr 0.033 -11.85 0.32 0.089  0.027 0.84 0.07 5401338 0.06 16.75 0.03 11.01 0.16 1,2,3b,6,7,92,9b,9¢
2006hb 0.015 -9.88 0.22 10.72 0.24 6
2006kf 0.021 -1143 023 -0.049  0.026 —2.08 0.05 54041.26 0.07 15.69 0.05 10.97 0.12 1,2,3a,3b,4,6,7,9a,9¢
2006le 0.017 <-11.8 —0.050  0.034 090 0.04 54048.52 0.04 1479 0.08 10.19 0.16 1,2,9a,9b,9¢
20061f 0.013 >-11.8 —0.157  0.049 —1.44 0.06 5404534 0.06 14.00 0.16 2,92,9b
2006N 0.014 -11.32 023 -0.037  0.027 -2.06 0.06 53760.79 0.15 14.88 0.03 10.64 0.17 1,2,3b,6,7,9a,9¢
20060b 0.058 -8.98 0.68 -0.012  0.025 -2.16 0.10 54063.31 0.12 17.95 0.02 11.43 0.22 1,2,3a,3b,4,6,7,9a,9¢c
20060s 0.032 -11.91  0.66 0314  0.023 -0.67 0.06 54064.75 0.15 17.38 0.03 11.30 0.31 3a,3b,6,7
2006S 0.033 >-11.8 0.041  0.026 091 0.07 53770.32 0.09 16.59 0.03 10.46 0.16 1,2,92,9b,9¢
2006sr 0.023 -12.39 023 -0.004  0.028 -146 0.10 5409291 0.11 1592 0.03 10.74 0.12 1,2,3b,6,7,9a,9b,9¢
2006td 0.016 -10.81  0.30 0.106  0.027 -143  0.10 54099.02 0.23 15.51 0.03 9.23 0.17 1,2,3b,6,7,92,9b
2006X 0.003 -13.90 022 10.80 0.12 6
2007af 0.005 -10.99 0.22 -0.014  0.021 -0.57 0.03 5417452 0.03 12.85 0.02 9.84 0.12 3a,3b,4,6,7
2007bc 0.022 -1049 0.26 -0.002 0.022 -1.10 0.03 54200.35 0.07 15.58 0.02 10.83 0.14  1,2,3a,3b,4,6,7,92,9b,9¢
2007bd 0.032 -1249 023 -0.071  0.023 -1.08 0.04 54206.84 0.05 16.27 0.02 10.79 0.16  1,2,3a,3b,4,6,7,92,9b,9¢c
2007bm 0.007 -10.82  0.49 0384  0.023 -0.94 0.04 5422494 0.08 14.15 0.02 10.42 0.23 3a,3b,6,7
2007ca 0.015 -11.09 0.28 0234 0.022 0.57 0.03 54227.71 0.04 1563 0.02 9.75 0.27  2,32,3b,4,6,7,9a,9b,9¢
2007ci 0.019 >-11.8 0.037  0.028 -2.75 0.10 54246.65 0.03 15.64 0.03 11.13 0.16 1,2,9a,9¢
2007co 0.027 -12.02 023 0.074  0.026 -0.17 0.06 54265.16 0.06 16.25 0.03 10.21 0.20 1,2,3b,6,7,92,9b,9¢
2007F 0.024 >-11.8 -0.049 0.026 0.56 0.04 54124.03 0.04 1563 0.03 10.07 0.12 1,2,9a,9b,9¢
20071e 0.007 -13.31 023 0.250  0.021 0.25 0.03 54399.38 0.03 13.61 0.02 10.46 0.16 3a,3b,4,6,7
20070 0.037 >-11.8 -0.042  0.029 -0.52  0.10 54125.64 035 16.55 0.04 10.86 0.17 1,2,9a,9b,9¢
2007qe 0.024 -14.38 023 0.069  0.026 0.74 0.04 54429.83 0.04 1583 0.03 1,2,3b,9a,9b
2007sr 0.006 -13.59 022 0.053  0.022 —0.02 0.03 5444958 0.09 12.48 0.02 10.45 0.42 3a,3b,4,6,7
2008bf 0.022 -11.59 0.24 -0.119  0.021 0.37 0.03 54555.11 0.03 1542 0.02 11.28 0.16  1,2,3a,3b,4,6,7,92,9b,9¢
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Table 4. Results of our two methods of obtaining v3;for the

Foundation objects.

Gaussian fit Smoothed minimum Adopted here
Supernova phase Vsi + Vsi + Vsi + V(s)i +
(days) (103 kms™!) (103 kms™") (103 km s™")
2016afk 5.2 -13.07 0.03 —-13.45 0.12 -13.26 0.12 -12.62 0.25
2016¢0j -1.1 -12.06 0.03 . -12.06 0.03 -11.95 0.22
2016cor 2.6 -9.70  0.07 —9.53 0.06 -9.70  0.07 -9.63 0.23
2016cvv +1.8 -12.07 0.52 . -12.07 0.52 -12.26 0.57
2016esh —6.0 -10.76  0.04 -11.00 0.04 -10.76  0.04 -1045 0.22
2016glp +8.9 —-14.51 0.08 —-13.55 0.27 -14.51 0.08 -16.77 0.24
2016gmg 2.2 -11.07 0.08 —-11.00 0.45 -11.07 0.08 -10.93 0.23
2016gsu -1.5 —-10.10 0.05 -9.83 0.24 —-10.10  0.05 -10.04 0.23
2016hhv +2.5 -11.13  0.05 -11.29 0.07 -11.21  0.09 -1142 0.24
2016htn —4.7 -10.55 0.08 -10.12 0.16 —-10.55 0.08 -1032 0.23
2016ixf +5.9 -10.46 0.02 -10.51 0.08 -1046 0.02 -10.84 0.22
2017cfc +0.4 -9.93 0.02 -10.12 0.08 —-10.02 0.08 -10.04 0.24
2017cii +0.5 -10.14 0.03 -10.22 0.19 -10.14 0.03 -10.16 0.22
2017ciy -1.4 -9.62 0.06 -10.31 0.16 -9.62 0.06 -9.59 0.23
2017cjv +1.9 -10.93 0.06 -10.93 0.06 -11.07 0.23
2017ckx -5.4 -10.03 0.07 —-11.00 0.50 -10.03  0.07 -9.86 0.23
2017cpu -1.3 -11.55 0.06 —-11.68 0.08 -11.55 0.06 -1145 0.23
2017hn -4.0 -11.29 0.02 -11.19 0.06 -11.29 0.02 -11.01 0.22
2017mf —4.1 -10.81 0.02 —-10.80 0.05 -10.81 0.02 -10.59 0.22
20170z -3.6 -14.27 0.02 -14.14 0.03 -14.27 0.02 -13.72  0.22
2017po -0.3 -12.31 0.01 -12.76 0.05 -12.76  0.05 -12.72  0.23
2017yk 4.7 -10.57 0.03 -10.80 0.13 -10.69 0.13 -1045 0.26
2017zd —4.0 -10.65 0.03 -11.10 0.11 -10.87 0.11 -10.64 0.25
ASASSN-15fa 2.2 -10.34  0.03 -10.02 0.04 -10.34 0.03 -10.24 0.22
ASASSN-15go +0.3 -13.04 0.01 —-13.06 0.07 -13.04 0.01 -13.08 0.22
ASASSN-15il 24 -10.99 0.02 -10.90 0.03 -10.99 0.02 -10.83 0.22
ASASSN-15mg —4.9 -10.93 0.07 -10.93 0.07 -10.65 0.23
ASASSN-15np -1.5 -9.31 0.14 —-9.44 0.12 -9.31 0.14 -9.29 0.26
ASASSN-15nr +4.8 -10.32 0.05 -9.63 0.27 -10.32  0.05 -10.59 0.23
ASASSN-150d -14 -11.65 0.01 -12.07 0.08 -12.07 0.08 -11.93 0.23
ASASSN-15pn +4.4 -10.64 0.10 -10.64 0.10 -1094 0.24
ASASSN-15pr +0.9 -11.53  0.09 -11.53  0.09 -11.61 0.24
ASASSN-15sf +6.7 -9.65 0.01 -9.73 0.06 -9.65 0.01 -9.87 0.22
ASASSN-15ss +1.5 -10.53  0.02 . -10.53 0.02 -10.61 0.22
ASASSN-15tg —4.2 -11.86 0.14 -9.53 0.55 -11.86 0.14 -11.50 0.26
ASASSN-15uu -1.7 -10.43  0.05 -10.80 0.14 -10.80 0.14 -10.70  0.26
ASASSN-15uv 5.6 -1299 0.04 . -12.99 0.04 -1235 0.22
ASASSN-15uw -1.7 -12.52 0.03 —-12.66 0.09 -12.52  0.03 -12.33  0.22
ASASSN-16ad —4.4 -12.85 0.02 . -12.85 0.02 -1235 0.22
ASASSN-16aj -0.0 -11.63  0.03 —-11.88 0.07 -11.63 0.03 -11.62 0.22
ASASSN-16ay +0.8 -10.70  0.03 -11.10 0.12 -11.10 0.12 -11.16 0.25

Table 4 continued



Table 4 (continued)
Gaussian fit Smoothed minimum Adopted here
Supernova phase Vsi + Vsi + Vsi + v(S)i +
(days) (103 km s71) (10° km s™") (103 km s™)
ASASSN-16bq -5.6 -12.79 0.02 -13.25 0.11 -1325 0.11 -12.58 0.25
ASASSN-16¢ch -5.6 -11.43  0.18 -11.39 0.15 -1143 0.18 -11.04 0.28
ASASSN-16ct 2.4 -9.90 0.11 -9.63 0.07 -9.90 0.11 -9.82 0.24
ASASSN-16dw -1.1 -10.72  0.03 —-10.80 0.06 -10.72  0.03 -10.65 0.22
ASASSN-16fo +6.9 -13.68 0.01 -13.84 0.11 -13.68 0.01 -15.07 0.22
ASASSN-16fs +4.0 -11.80 0.01 -11.78 0.05 -11.80 0.01 -12.23  0.22
ASASSN-16hr -0.0 -16.84 091 . -16.84 091 -16.83 0.94
ASASSN-16jf -5.7 -10.51 0.02 -11.19 0.09 -11.19  0.09 -10.83 0.24
ASASSN-16la -2.6 -10.02 0.01 -9.92 0.12 -10.02 0.01 993 0.22
ASASSN-16lg —4.5 -10.31 0.03 -10.70 0.06 -10.50 0.07 -10.30 0.23
ASASSN-17aj -3.0 -10.51 0.02 -10.51 0.01 -10.51 0.02 -10.36 0.22
ASASSN-17at -39 -12.13 0.02 -12.27 0.05 -12.13  0.02 -11.76  0.22
ASASSN-17eb +0.2 -10.89 0.03 -11.19 0.05 -10.89 0.03 -1090 0.22
ATLAS16agv -3.8 -10.25 0.07 -10.02 0.04 -10.25 0.07 -10.10 0.23
ATLAS16bwu -1.6 -9.66 0.10 -9.34 0.06 -9.50 0.12 -9.47 0.25
ATLAS17ajn +2.5 -10.19 0.03 -10.41 0.16 -10.19 0.03 -1031 0.22
ATLAS17axb -5.5 -12.01 0.02 . -12.01 0.02 -11.53 0.22
CSS160129 +0.3 -11.84 0.03 -12.57 0.06 -11.84 0.03 -11.87 0.22
Gaial6bba +0.1 —-10.05 0.01 -10.02 0.07 —-10.05 0.01 -10.06 0.22
PS15ahs +4.0 -9.51 0.01 -9.53 0.07 -9.51 0.01 -9.61 0.22
PS15aii -0.6 -10.24 0.01 -10.51 0.06 —-10.51 0.06 -10.48 0.23
PS15bwh +0.4 -11.29 0.13 -11.10 0.12 -11.29 0.13 -11.32 0.26
PS15bzz -3.1 -11.22  0.05 -11.39 0.08 -11.30 0.09 -11.08 0.24
PS15ctn =35 -10.32 0.05 -10.32  0.05 -10.17 0.23
PS15coh +8.4 -10.26  0.02 -10.26  0.02 -10.78 0.22
PS15cze =52 -10.98 0.06 -11.88 0.08 —11.88 0.08 -11.45 0.23
PS16bby -5.5 -10.84 0.01 . —-10.84 0.01 -10.54 0.22
PS16bnz =33 -13.03 0.22 —-13.45 0.16 -1324 0.27 -12.82 0.35
PSl6cqa +1.7 -10.17 0.02 —-10.80 0.11 -10.80 0.11 -1091 0.25
PSl6cve 2.4 -11.52 0.04 -11.49 0.06 -11.52  0.04 -11.32 0.22
PS16dnp +2.9 -9.09 0.08 —-8.56 0.10 -8.82 0.13 -8.82 0.25
PS16em +8.9 -10.11 0.06 . -10.11  0.06 -10.61 0.23
PS16evk +0.2 -9.90 0.09 -9.63 0.14 -9.76  0.17 -9.77 0.28
PSl16fa 22 -10.27 0.06 -10.51 0.13 -10.27 0.06 -10.17 0.23
PS16fbb 2.4 -10.16 0.03 -10.22 0.06 —-10.16 0.03 -10.07 0.22
PS16n +8.1 -9.88 0.03 -9.73 0.04 -9.81 0.05 -10.14 0.23
PS17bii -39 -1031 0.04 —-10.80 0.10 —-10.80 0.10 -10.59 0.24
PSNJ0153424 -2.6 -10.65 0.01 . -10.65 0.01 -10.51 0.22
PTSS-16efw +3.1 -10.17 0.03 -10.31 0.17 -10.24 0.17 -10.40 0.28
Objects with spectra outside nominal phase range

2016ayg -8.1 -10.85 0.07 -10.80 0.27

2016¢yt -6.3 -11.69 0.09 -12.07 0.08

2016eo0a -8.5 -14.17 0.02 -14.24 0.04

Table 4 continued
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Table 4 (continued)
Gaussian fit Smoothed minimum Adopted here
Supernova phase Vsi + Vsi + Vsi + vgi +
(days) (103 km s71) (10° km s™") (103 km s™)

2016fbk -7.3 -11.04 0.08 -10.90 0.09
2016fth -8.4 -17.91 0.04 -19.11 0.38
2016gfr -9.1 -13.32  0.11 -12.37 0.22
2016glz -9.0 -16.47 0.11 -15.82 0.22
2016gmb +12.5 -11.13  0.05 —-11.00 0.06
2016gou -10.3 -11.28 0.03 -11.39 0.05
2016grz -7.3 -10.68 0.29 —-10.80 0.06
2016hnk +16.4 -9.25 0.04 -9.92 0.09
2016hpx -9.1 -7.85 0.04 —-13.06 0.11
2016htm -10.5 -11.23  0.04 -11.19 0.08
2016W -8.8 -11.41 0.05 -11.78 0.11
2017dfq —-6.1 -11.62 0.02 —11.68 0.05
2017j1 -9.8 -11.92 0.04 -11.98 0.06
2017lm -6.7 -10.81 0.01 —-11.10 0.07
2017ms 6.1 -11.69 0.02 —-11.68 0.03
2017ns -7.0 -12.54 0.05 -11.98 0.16
2017wb -6.9 -13.70  0.10 —-14.54 0.07
ASASSN-15kx -1.5 -11.60 0.03 -12.37 0.24
ASASSN-15lg -71.3 -12.56 0.02 -12.96 0.09
ASASSN-15mf +15.0 -10.61 0.04 -10.02 0.09
ASASSN-16bc -7.8 -10.90 0.08 —-12.47 0.36
ASASSN-16bc -7.8 -10.90 0.08 -12.47 0.36
ASASSN-16dn -9.7 -11.35 0.03 -11.39 0.04
ASASSN-16et -14.9 -16.14 0.06 -13.25 0.25
ASASSN-16ex -12.3 —-13.08 0.04 —-13.06 0.05
ASASSN-16ip -8.2 -12.28 0.02 —-12.76 0.04
ASASSN-160z -6.7 -10.76  0.06 —-11.10 0.18
ASASSN-17bs -6.0 -11.06 0.01 -11.49 0.08
ASASSN-17co -6.2 -11.98 0.03 -11.78 0.20
ASASSN-17fd -6.3 -991 0.73

ATLAS16dpb -6.2 -11.81 0.12 -12.37 0.07
ATLASI16dqf -10.5 . —-13.55 0.18
ATLASI16dtf -12.6 -11.60 0.04 -12.57 0.40
PS15bif -6.7 -11.37 0.03 —11.58 0.09
PS15bjg -9.2 —-13.03 0.10 -13.25 0.29
PS15bsq -7.6 -12.24 0.01 -12.27 0.07
PS15cge -10.8 -11.57 0.04 —-11.49 0.11
PS16aer -7.0 -12.97 0.02 —-12.66 0.08
PS17akj -1.3 -12.41 0.03 —-11.88 0.14

NOTE—Both the measurement at the phase of the spectrum and the mea-
surement phased to maximum light are shown. Objects with a mea-
surement of the Si II line, but with an incompatible phase are shown at
the bottom of the table.



Table S. Properties of Foundation spectral data release

Supernova Telescope/Instrument z Date of Observation 1o approx. phase ~ Wavelength Range
(MID) (days) &)

2016ac FLWO1.5m/FAST 0.026 2016-02-04 57409.1 12.6 3463-7403

2016bew SALT/RSS 0.054 2016-03-14 57466.9 5.6 3348-9250
2016bln KPNO4m/KOSMOS  0.023 2016-05-06 57499.6 14.1 4165-7065

2016e0a KPNO4m/KOSMOS  0.021 2016-08-07 57615.7 -8.5 4180-7060
2016glp SOAR/Goodman 0.085 2016-10-08 57659.3 8.9 3700-7100
2016glz SOAR/Goodman 0.041 2016-10-30 57664.3 25.6 3600-7100
2016gmb SOAR/Goodman 0.058 2016-10-08 57655.8 12.5 3700-7100
2016hnk SOAR/Goodman 0.016 2016-10-30 57691.2 -0.2 3600-7100
2016hnk SALT/RSS 0.016 2016-10-31 57691.2 0.8 3495-9397

2016hns SOAR/Goodman 0.037 2016-10-30 57697.5 —6.2 3600-7100
2017cbv SOAR/Goodman 0.037 2017-03-29 3600-9020
2017ctb Lick3m/KAST 0.023 2017-05-25 57836.8 59.8 3260-10001
2017ckx FLWO1.5m/FAST 0.027 2017-03-29 57846.6 5.4 3475-7416

2017cpu FLWO1.5m/FAST 0.054 2017-04-03 57847.4 -1.3 3481-7422

2017dit Lick3m/KAST 0.019 2017-04-30 57881.2 -8.1 3220-10249
2017erp SALT/RSS 0.006 2017-06-13 3496-9399

2017fbs Lick3m/KAST 0.036 2017-07-03 57945.7 -84 3240-9999

2017fms SOAR/Goodman 0.030 2017-07-18 57960.3 -8.1 3600-7100
2017fmz SOAR/Goodman 0.028 2017-07-18 57953.5 -1.5 3600-7100
2017fnz Lick3m/KAST 0.081 2017-07-22 3400-10000
2017gav KPNO4m/KOSMOS  0.033 2017-08-15 57979.9 0.0 4180-7060
2017hju KPNO4m/KOSMOS  0.015 2017-10-17 58051.6 -8.5 4180-7060
2017hpj Lick3m/KAST 0.037 2017-10-28 3350-9698
2017hyx SOAR/Goodman 0.038 2017-11-13 3700-7100
2017iez Lick3m/KAST 0.046 2017-11-22 58082.8 -3.6 3200-10000
2017iye Lick3m/KAST 0.046 2017-12-22 58109.5 -0.5 3200-10500
2017Im SALT/RSS 0.031 2017-01-19 57778.9 —6.7 3494-9397
20170z KPNO4m/KOSMOS  0.056 2017-01-31 57788.0 -3.8 4180-7060
2017po KPNO4m/KOSMOS  0.032 2017-01-31 57784.5 -0.5 4180-7060
2017ya KPNO4m/KOSMOS  0.070 2017-01-31 57782.7 1.2 4180-7060
2017yk KPNO4m/KOSMOS  0.046 2017-01-31 57788.9 —4.7 4180-7060
2018bie SOAR/Goodman 0.023 2018-05-13 3600-7124
2018bs Lick3m/KAST 0.070 2018-01-14 3300-10500
2018cnw APO3.5m/DIS 0.024 2018-06-15 3401-8879
2018oh Lick3m/KAST 0.011 2018-02-08 3200-9999
20180h SOAR/Goodman 0.011 2018-03-22 3500-9040
2018oh SOAR/Goodman 0.011 2018-04-21 3600-9055

2018pj Lick3m/KAST 0.055 2018-02-08 3500-10197
ASASSN-15bm SOAR/Goodman 0.020 2015-04-10 57054.6 66.0 3500-10197
ASASSN-15ga SOAR/Goodman 0.007 2015-04-10 3500-7091

ASASSN-15g0 SOAR/Goodman 0.019 2015-04-10 57122.7 -0.7 3200-7090
ASASSN-15hg SOAR/Goodman 0.030 2015-05-16 57131.3 259 3600-7050
ASASSN-15hy SOAR/Goodman 0.018 2015-05-17 57153.2 5.7 3500-7050
ASASSN-15il SOAR/Goodman 0.023 2015-05-17 57161.4 2.4 3250-7050
ASASSN-15jt SOAR/Goodman 0.023 2015-06-16 57169.8 18.8 3900-7050

Table 5 continued
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Table 5 (continued)
Supernova Telescope/Instrument b4 Date of Observation to approx. phase ~ Wavelength Range
(MJD) (days) A
ASASSN-151g SOAR/Goodman 0.020 2015-06-16 57196.4 =13 3600-7050
ASASSN-15mf SOAR/Goodman 0.026 2015-07-24 572124 14.2 3500-7050
ASASSN-15mg ~ Keck/DEIMOS 0.043 2015-09-19 57218.3 63.0 4458-9630
ASASSN-15np SOAR/Goodman 0.000 2015-08-21 57241.6 13.4 3920-7050
ASASSN15nq Keck/DEIMOS 0.030 2015-09-19 57247.8 35.2 4442-9630
ASASSN-15nr SOAR/Goodman 0.023 2015-08-21 57250.1 4.8 3750-7050
ASASSN-150d SOAR/Goodman 0.018 2015-08-21 57256.6 -1.6 3500-7050
ASASSN150h Keck/DEIMOS 0.000 2015-09-19 572559 28.1 4447-9630
ASASSN-15pm  SOAR/Goodman 0.049 2015-10-11 572719 26.8 3700-7050
ASASSN15pn Keck/DEIMOS 0.000 2015-09-19 57279.4 4.6 4458-9630
ASASSN15pr Keck/DEIMOS 0.000 2015-09-19 57283.1 0.9 4442-9630
ASASSN-15py SOAR/Goodman 0.000 2015-10-11 57289.0 17.0 3700-7050
ASASSN-15sb SOAR/Goodman 0.000 2015-11-14 57321.2 18.8 3900-7050
ASASSN-15sf SOAR/Goodman 0.025 2015-11-14 57333.1 6.7 3500-7050
ASASSN-15uu KPNO4m/KOSMOS  0.027 2016-01-04 57388.8 2.2 4180-7060
ASASSN-15uw KPNO4m/KOSMOS  0.031 2016-01-04 57392.8 -1.7 4180-7060
ASASSN-16dn FLWO1.5m/FAST 0.013 2016-04-02 57489.9 -9.7 3477-7419
ASASSN-16fo KPNO4m/KOSMOS  0.000 2016-06-08 57539.9 7.1 4170-7065
ASASSN-16fs KPNO4m/KOSMOS  0.029 2016-06-08 57542.9 4.0 4165-7065
ASASSN-16hz SOAR/Goodman 0.025 2016-09-07 57605.2 32.0 3700-7100
ASASSN-16la SOAR/Goodman 0.015 2016-10-08 57671.6 -2.6 3700-7100
ASASSN-17bs KPNO4m/KOSMOS  0.020 2017-02-01 57791.1 —6.0 4180-7060
ASASSN-17jq KPNO4m/KOSMOS  0.029 2017-07-26 4180-7060
ATLAS16bdg SOAR/Goodman 0.014 2016-07-27 57554.8 40.6 3700-7100
ATLAS16dpb FLWO1.5m/FAST 0.023 2016-11-02 57689.3 4.6 3476-7417
ATLASI16dtf FLWO1.5m/FAST 0.013 2016-11-24 57710.8 5.1 3478-7419
ATLAS]16eej SOAR/Goodman 0.049 2017-01-03 57755.9 0.1 3600-7100
ATLAS17dzg Lick3m/KAST 0.052 2017-04-20 57864.3 -13 3200-10250
CSS160129 SOAR/Goodman 0.068 2016-02-09 57416.7 9.7 3700-7050
CSS160129 KPNO4m/KOSMOS  0.068 2016-06-08 57416.7 122.0 4180-7060
CSS160428 KPNO4m/KOSMOS  0.030 2016-06-08 57517.6 28.5 4180-7060
Gaial6acv KPNO4m/KOSMOS  0.078 2016-04-06 57435.1 45.3 4165-7065
MASTER151647 SOAR/Goodman 0.056 2016-07-28 57582.5 13.8 3700-7100
MASTERIJ222 SOAR/Goodman 0.024 2015-06-16 57183.4 5.5 3500-7050
PS15adh SOAR/Goodman 0.103 2015-05-17 57136.6 20.3 3600-7050
PS15ahs KPNO4m/KOSMOS  0.026 2015-05-19 57156.8 4.1 4300-7065
PS15aii SOAR/Goodman 0.047 2015-05-17 57159.5 0.5 3500-7050
PS15akf SOAR/Goodman 0.059 2015-05-17 57164.0 —4.7 3500-7050
PS15asb SOAR/Goodman 0.049 2015-07-24 57194.6 30.9 3500-7050
PS15atx SALT/RSS 0.072 2015-06-20 57188.9 3.8 3000-9999
PS15bbn SOAR/Goodman 0.037 2015-07-24 572139 12.6 3500-7050
PS15bif SOAR/Goodman 0.079 2015-07-24 57234.2 —-6.7 3701-7098
PS15bjg SALT/RSS 0.069 2015-07-26 57238.8 -9.2 3200-10000
PS15brr SOAR/Goodman 0.052 2015-10-11 57259.3 44.4 3700-7050
PS15bsq SOAR/Goodman 0.034 2015-08-21 57262.9 7.6 3500-7050
PS15bst SOAR/Goodman 0.088 2015-08-21 57258.8 =35 3670-7050

Table 5 continued



Table 5 (continued)

Supernova Telescope/Instrument b4 Date of Observation to approx. phase ~ Wavelength Range
(MJD) (days) A
PS15bwh SOAR/Goodman 0.073 2015-09-14 57278.5 0.4 3700-7050
PS15bzz SALT/RSS 0.080 2015-09-16 57284.4 -3.1 3598-8148
PS15cfn SOAR/Goodman 0.111 2015-10-11 57309.9 =35 3700-7050
PS15cge SOAR/Goodman 0.085 2015-10-11 57313.5 —6.9 3700-7050
PS15cku SOAR/Goodman 0.023 2015-11-14 57319.3 20.2 3200-7050
PS15mt Keck/DEIMOS 0.071 2015-03-18 57105.3 -5.9 4625-9850
PS15zn SOAR/Goodman 0.055 2015-04-10 57128.0 =57 3500-7050
PS16aer SOAR/Goodman 0.055 2016-02-09 57434.4 -7.0 3700-7100
PS16axi KPNO4m/KOSMOS  0.039 2016-04-06 57461.4 21.8 4165-7065
PS16ayd KPNO4m/KOSMOS  0.054 2016-04-06 57460.4 223 4165-7064
PS16bnz KPNO4m/KOSMOS  0.063 2016-04-06 57481.5 =33 4165-7060
PS16cen KPNO4m/KOSMOS  0.024 2016-06-08 57508.4 37.7 4170-7060
PS16cqa KPNO4m/KOSMOS  0.044 2016-06-08 57545.3 1.7 4165-7065
PS16em SALT/RSS 0.070 2016-01-09 57386.5 8.9 2999-9998
PS16eqv SALT/RSS 0.085 2016-10-27 57683.5 42 3349-9249
PS16fbb SALT/RSS 0.052 2016-11-25 57719.5 2.4 3348-9251
PS16fbb FLWO1.5m/FAST 0.052 2016-12-01 57719.5 33 3471-7412
PS16n SOAR/Goodman 0.053 2016-01-14 57392.4 8.2 3600-7116
PS17bii SALT/RSS 0.073 2017-02-24 57812.1 -39 3299-9249
PSNJ015342 KPNO4m/KOSMOS  0.026 2016-01-04 57393.6 -2.6 4180-7060
PSNJ1204 SOAR/Goodman 0.044 2015-06-16 57170.3 17.9 3600-7050
PSNJ1300 SOAR/Goodman 0.023 2015-06-15 57168.8 18.8 3500-7050
PSNJ1602 SOAR/Goodman 0.020 2015-07-24 571724 535 3800-7050
PSNJ2043 SOAR/Goodman 0.015 2015-07-24 57226.0 1.0 3500-7050
PSNJ2310 KPNO4m/KOSMOS  0.039 2015-09-15 57281.2 -1.2 4201-7060

PTSS17niq SOAR/Goodman 0.068 2017-03-29 57842.9 -1.8 3600-7100
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Figure 10. Optical spectra obtained as part of the first data release of the Foundation Supernova Survey. The spectra are ordered according to
rest-frame phase. Some host-galaxy lines have been excised here for readability. Machine readable versions of each spectrum are included. A
complete archive of these spectra can be found at https://github.com/kdettman/found VelCorr.
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