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Figure 11. The Hubble diagram for the Pantheon sample. The top panel shows luminosity distance for each SN; the bottom panel shows
Hubble residuals to the best fit cosmology. Distances shown using G10 scatter model.

where the sum is over the K systematics - each denoted
by S

k

, �
Sk is the magnitude of each systematic error, and

@µ is defined as the di↵erence in binned distance values
after changing one of the systematic parameters.
Given a vector of binned distance residuals of the SN

sample that may be expressed as �~µ = ~µ � ~µ
model

(as
shown in Fig. 11 (bottom)) where ~µ

model

is a vector of
distances from a cosmological model, then the �2 of the
model fit is expressed as

�2 = �~µT ·C�1 ·�~µ. (8)

Here we review each step of the analysis of the Pan-
theon sample and their associated systematic uncertain-

ties.

5.1. Calibration

The ‘Supercal’ calibration of all the samples in this
analysis is presented in S15. S15 takes advantage of
the sub-1% relative calibration of PS1 (Schlafly et al.
2012) across 3⇡ steradians of sky to compare photome-
try of tertiary standards from each survey. S15 measures
percent-level discrepancies between the defined calibra-
tion of each survey by determining the measured bright-
ness di↵erences of stars observed by a single survey and
PS1 and comparing this with predicted brightness dif-
ferences of main sequence stars using a spectral library.
The largest calibration discrepancies found were in the B
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Current Systematic Uncertainty Budget
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uncertainty due to marginalizing over CC SN contamination
remains approximately the same at ∼1.3%. This systematic
uncertainty remains subdominant to photometric calibration
and will be improved in future work. Statistical-uncertainty-
only measurements of w after applying a number of different
treatments of the CC SN contamination are shown in Table 4.
These include alternate light-curve classification methods,
predicted biases from simulations, alternate parameterizations
of the contaminating distribution, and nuisance parameters
forced to be equal to those measured from the spectroscopically
classified data.

Although we do not include possible redshift dependence of
the mass step or β in our systematic uncertainty budget, we
show their effect in Table 5. Compared to the PSBEAMS
method, BBC bias corrections in shape and color bring the
high-z mass step, ΔM=0.043±0.013, in better agreement
with the low-z mass step, ΔM=0.060±0.024, lowering the
measured systematic uncertainty due to an evolving mass step.

We find that β evolution is also a slightly lower systematic
uncertainty in the BBC method for similar reasons.

4.4. Comparing BBC to the PSBEAMS Method

Use of the BBC method gives a more fine-grained approach
to bias corrections, as parameters mB, x1, and c are each
corrected for selection biases. The results are consistent with
the values from the PSBEAMS method, but the final
uncertainty on w is reduced by 7%. We find that the final
value of w is lower by 0.020 when using the BBC method;
however, the value when excluding systematic uncertainties is
0.041 higher when using the BBC method in the highest-
redshift bins. The BBC results on spectroscopically classified
data alone are somewhat closer to results using the PSBEAMS
method; w is higher by 0.022 when using BBC compared to the
w from the PSBEAMS method.
For the full sample, the difference in statistics-only w values,

as well as the relatively large change of 0.043 between the
PSBEAMS measurement with statistical uncertainties only and
the PSBEAMS measurement when systematic uncertainties are
included, is primarily due to systematic uncertainties in
marginalizing over CC SNe. Use of the NN classifier compared
to the PSNID classifier to assign the prior probabilities that a
given SN is of Type Ia shifts w by +0.028 (although, due to
significant covariances between bins, the uncertainty on w does
not increase by the same amount).
With BBC, the method of marginalizing over CC SNe is

somewhat different. First, we use a different nominal
classification method (Appendix A.2). The PSBEAMS method
also includes a parameter that allows probabilities to be shifted
linearly (see Equation (5)), while BBC does not. Finally, the
PSBEAMS method uses a point-to-point, parameterized linear
interpolation of the CC SN distribution, while BBC uses the
simulations themselves as a fixed prior on the distance. The two
methods yield distances consistent to =1σ at z<0.4 but
disagree somewhat at high z as shown in Figure 15. CC SNe in
the z0.5 redshift range can be difficult to marginalize over,
as the CC SN distribution begins to overlap substantially with
the SN Ia distribution because of Malmquist bias. As these
methods were developed and tested independently, they are
complimentary methods for measuring w from photometrically
classified data.

Figure 14. Systematic uncertainties on w from J18 (left) compared to this analysis (right). The size of each chart is proportional to the size of the total systematic uncertainty
budget for each analysis. The size of each slice corresponds to the size of each systematic uncertainty as a fraction of the sum of all systematic uncertainties. The calibration
systematic uncertainties are 42% higher in this analysis, as we have just one photometric system, but the bias correction systematic uncertainty is 55% lower. The overall
systematic uncertainty is 9% lower.

Table 4
Measurements of w from Alternative Methods of Marginalizing over CC SNe

w Δw

Baseline −0.920±0.033 L
CC SN simulations −0.924±0.033 −0.004
CC SN prior −0.938±0.033 −0.018
Classification priora −0.886±0.036 0.034
Nuisance parameters fixed −0.922±0.033 −0.002

Notes. For the BBC method, changes in w (statistical uncertainties alone) after
applying analysis variants related to the use of CC SN-contaminated data (see
Table 7 of J18 for a similar table for the PSBEAMS method). We show the
effect of using CC SN simulations with alternate LFs, dust distributions, or
CC SN templates, the effect of using the parametric (Hlozek et al. 2012) prior
on the CC SN distribution, the effect of a different light-curve classifier, and
the effect of fixing the nuisance parameters to the values derived from the
spectroscopically classified data.
a The large change in w is due to the highest two redshift bins, which have
CC SNe significantly blended with SNe Ia and are de-weighted when all
systematic uncertainties are applied. The PSBEAMS method generally
performs more consistently than BBC with the PSNID classifier, as it has an
additional parameter to scale the “overconfident” P(Ia) probabilities (Jones
et al. 2017).
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Cosmology with a Single Telescope14

Figure 9. Hubble diagram (top) and Hubble residuals (bottom) from the combined Foundation and MDS sample. In the
top panel, opacity is set using the approximate posterior probabilities, P(Ia|D), for the photometrically classified data. In the
bottom panel, the points and the lines connecting the points represent the piecewise-linear function of log(z) that we use to fit
the SN Ia distances (see appendix). Note that the highest- and lowest-redshift control points have extremely high uncertainties
as no SNe are above or below them in redshift, respectively. Residuals are shown compared to a nominal flat ⇤CDM model
with ⌦m = 0.3 and ⌦⇤ = 0.7.

Figure 10. As a function of redshift, Hubble residuals from the combined Foundation+MDS sample subtracted by those from
the previous low-z+MDS sample (J18). Foundation distances are 0.046± 0.027 mag fainter than those from the previous low-z
sample, which gives a positive change in measured w. The highest- and lowest-redshift points have extremely high uncertainties
as no SNe are above or below them in redshift.

Jones et al. 2019



Updated Systematic Uncertainty Budget 19

Figure 13. Systematic uncertainties on w from J18 (left) compared to this analysis (right). The size of each chart is proportional
to the size of the total systematic uncertainty budget for each analysis. The size of each slice corresponds to the size of each
systematic uncertainty as a fraction of the sum of all systematic uncertainties. The calibration systematic uncertainties are 42%
higher in this analysis as we have just one photometric system, but the bias-correction systematic uncertainty is 55% lower.
The overall systematic uncertainty is 9% lower.

Figure 14. Di↵erence between distances derived using the
PSBEAMS and BBC methods, for both the full sample
(blue) and spectroscopically classified sample (orange), as
a function of redshift. Some modest discrepancies occur at
high z where the only detectable CCSNe have brightnesses
that are close to or greater than those of SNe Ia. Points have
been o↵set slightly for visual clarity.

is higher by 0.022 when using BBC compared to the w

from the PSBEAMS method.
For the full sample, the di↵erence in statistics-only w

values, and the relatively large change of 0.043 between
the PSBEAMS measurement with statistical uncertain-
ties only and the PSBEAMS measurement when sys-
tematic uncertainties are included, is primarily due to
systematic uncertainties in marginalizing over CCSNe.
Use of the NN classifier compared to the PSNID classi-
fier to assign the prior probabilities that a given SN is of

Type Ia, shifts w by +0.028 (although, due to significant
covariances between bins, the uncertainty on w does not
increases by the same amount).
With BBC, the method of marginalizing over CCSNe

is somewhat di↵erent. First, we use a di↵erent nominal
classification method (§A.2). The PSBEAMS method
also includes a parameter that allows probabilities to be
shifted linearly (see Equation A2), while BBC does not.
Finally, the PSBEAMS method uses a point-to-point,
parameterized linear interpolation of the CCSN distri-
bution, while BBC uses the simulations themselves as a
fixed prior on the distance. The two methods yield dis-
tances consistent to ⌧1� at z < 0.4, but disagree some-
what at high-z as shown in Figure 14. CCSNe in the
z & 0.5 redshift range can be di�cult to marginalize over
as the CCSN distribution begins to overlap substan-
tially with the SN Ia distribution because of Malmquist
bias. As these methods were developed and tested in-
dependently, they are complimentary methods for mea-
suring w from photometrically classified data.

5. DISCUSSION AND FUTURE DIRECTIONS

5.1. Di↵erences between Foundation and Other Low-z
Samples

The measurement of w presented here is independent
of all previous low-z datasets and most previous high-
z datasets. Figure 15 compares the measurement of w
after including the Foundation sample to other measure-
ments of w published within the last five years. All pre-
vious measurements use some combination of CfA and
CSP data at low z, and the Betoule et al. (2014) and
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uncertainty due to marginalizing over CC SN contamination
remains approximately the same at ∼1.3%. This systematic
uncertainty remains subdominant to photometric calibration
and will be improved in future work. Statistical-uncertainty-
only measurements of w after applying a number of different
treatments of the CC SN contamination are shown in Table 4.
These include alternate light-curve classification methods,
predicted biases from simulations, alternate parameterizations
of the contaminating distribution, and nuisance parameters
forced to be equal to those measured from the spectroscopically
classified data.

Although we do not include possible redshift dependence of
the mass step or β in our systematic uncertainty budget, we
show their effect in Table 5. Compared to the PSBEAMS
method, BBC bias corrections in shape and color bring the
high-z mass step, ΔM=0.043±0.013, in better agreement
with the low-z mass step, ΔM=0.060±0.024, lowering the
measured systematic uncertainty due to an evolving mass step.

We find that β evolution is also a slightly lower systematic
uncertainty in the BBC method for similar reasons.

4.4. Comparing BBC to the PSBEAMS Method

Use of the BBC method gives a more fine-grained approach
to bias corrections, as parameters mB, x1, and c are each
corrected for selection biases. The results are consistent with
the values from the PSBEAMS method, but the final
uncertainty on w is reduced by 7%. We find that the final
value of w is lower by 0.020 when using the BBC method;
however, the value when excluding systematic uncertainties is
0.041 higher when using the BBC method in the highest-
redshift bins. The BBC results on spectroscopically classified
data alone are somewhat closer to results using the PSBEAMS
method; w is higher by 0.022 when using BBC compared to the
w from the PSBEAMS method.
For the full sample, the difference in statistics-only w values,

as well as the relatively large change of 0.043 between the
PSBEAMS measurement with statistical uncertainties only and
the PSBEAMS measurement when systematic uncertainties are
included, is primarily due to systematic uncertainties in
marginalizing over CC SNe. Use of the NN classifier compared
to the PSNID classifier to assign the prior probabilities that a
given SN is of Type Ia shifts w by +0.028 (although, due to
significant covariances between bins, the uncertainty on w does
not increase by the same amount).
With BBC, the method of marginalizing over CC SNe is

somewhat different. First, we use a different nominal
classification method (Appendix A.2). The PSBEAMS method
also includes a parameter that allows probabilities to be shifted
linearly (see Equation (5)), while BBC does not. Finally, the
PSBEAMS method uses a point-to-point, parameterized linear
interpolation of the CC SN distribution, while BBC uses the
simulations themselves as a fixed prior on the distance. The two
methods yield distances consistent to =1σ at z<0.4 but
disagree somewhat at high z as shown in Figure 15. CC SNe in
the z0.5 redshift range can be difficult to marginalize over,
as the CC SN distribution begins to overlap substantially with
the SN Ia distribution because of Malmquist bias. As these
methods were developed and tested independently, they are
complimentary methods for measuring w from photometrically
classified data.

Figure 14. Systematic uncertainties on w from J18 (left) compared to this analysis (right). The size of each chart is proportional to the size of the total systematic uncertainty
budget for each analysis. The size of each slice corresponds to the size of each systematic uncertainty as a fraction of the sum of all systematic uncertainties. The calibration
systematic uncertainties are 42% higher in this analysis, as we have just one photometric system, but the bias correction systematic uncertainty is 55% lower. The overall
systematic uncertainty is 9% lower.

Table 4
Measurements of w from Alternative Methods of Marginalizing over CC SNe

w Δw

Baseline −0.920±0.033 L
CC SN simulations −0.924±0.033 −0.004
CC SN prior −0.938±0.033 −0.018
Classification priora −0.886±0.036 0.034
Nuisance parameters fixed −0.922±0.033 −0.002

Notes. For the BBC method, changes in w (statistical uncertainties alone) after
applying analysis variants related to the use of CC SN-contaminated data (see
Table 7 of J18 for a similar table for the PSBEAMS method). We show the
effect of using CC SN simulations with alternate LFs, dust distributions, or
CC SN templates, the effect of using the parametric (Hlozek et al. 2012) prior
on the CC SN distribution, the effect of a different light-curve classifier, and
the effect of fixing the nuisance parameters to the values derived from the
spectroscopically classified data.
a The large change in w is due to the highest two redshift bins, which have
CC SNe significantly blended with SNe Ia and are de-weighted when all
systematic uncertainties are applied. The PSBEAMS method generally
performs more consistently than BBC with the PSNID classifier, as it has an
additional parameter to scale the “overconfident” P(Ia) probabilities (Jones
et al. 2017).
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Swope Supernova Survey 
Collaboration with Carnegie 
~200 dark nights per year 
Best calibrated Southern 
telescope for SN science 
Additional 100+ SNe per year 
High-cadence uBVgri light 
curves 
More Cepheid calibrators 
Better calibration of  ~300 
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SSS DR1: 120 SNe Ia (270 observed) 

Rojas-Bravo et al. 2020 (submitted soon)
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Figure 5. Four sets of maximum-light composite spectra constructed using HR bins of HR > 0 (blue) and HR < 0 (red). The shaded regions are the 1�
bootstrapping uncertainty on these composite spectra. From top to bottom the composite spectra vary in the distance modulus corrections that have been applied
before measuring HRs. We start by using uncorrected distance moduli, then add in light-curve shape (x1), color (c), and host-galaxy mass step corrections.
Most of the spectral variation between these two samples is removed after adding in the x1 and c corrections.

3.2 Evolution of the HR-Velocity Trend

While the Si II �6355 absorption feature appears to have the
strongest velocity di�erence at +4 days, the trend is also visible
in several other absorption features and is present at a variety of
di�erent epochs.

In Figure 8 we present 6 sets of HR-binned composite spectra
representing phases of approximately -9, -5, 0, +4, +9, and +15 days
from top to bottom. Like the +4 day HR-binned composite spectra,
these composite spectra have been constructed using bins that best
match the average for the HR > 0 and HR < 0 subsets. From left
to right, we examine the spectral evolution of the Ca H&K/Si II
�4130, S II, Si II �5972 and �6355, and the Ca NIR Triplet in these
composite spectra. We do not show composite spectra of the Ca NIR
triplet for -9 days because we do not have enough observations of
SNe at that epoch to get 5 SNe per wavelength bin in that region. The
HR-binned composite spectra have been rescaled in each absorption
region to best compare the spectral features.

In the majority of the HR < 0 composite spectra (red) the
minima of these absorption features appear blueshifted relative to
their HR < 0 counterparts (blue). With the exception of S II which
shows a large velocity di�erence at -9 days, the largest discrepancies
in velocity occur either in the 0 day or +4 day composite spectra
for each absorption feature. All of the Si II features (�4130, �5972,
and �6355) are more blueshifted in the HR < 0 composite spectra at
every epoch except +15 days. Ca H&K appears more blueshifted in
the HR < 0 composite spectra at every epoch, however, the Ca NIR

triplet is more variable. While the minima of this feature at early
times (-5 and 0 days) in the HR < 0 and HR > 0 composite spectra,
but the later phase spectra tend to show a velocity di�erence.

In Figure 9, we further examine this evolution. The individual
blue and red points correspond to Si II �6355 velocity measurements
from individual spectra contributing to the HR > 0 composite spectra
and HR < 0 composite spectra respectively. The solid blue and red
points connected by lines are the binned medians of these velocity
measurements where the phase bins correspond to the same phase
bins that are used to construct the composite spectra in Figure 8. The
error bars on the binned medians are the RMS scatter in velocity
in each of these bins. While the scatter is large, it is clear that the
HR < 0 sample has higher velocities on average than the HR > 0
sample until ⇠ +15 days after maximum light. However, it is also
important to note that these median measurements are correlated.
The phase bins do not overlap, but the same SN can contribute to
multiple measurements by having spectra at a variety of epochs.

Despite the velocity di�erences observed in the spectral ab-
sorption features, the color curves of the HR-binned composite
spectra look very similar. B�V and V � i color curves are presented
in Figure 10. Measurements made from HR > 0 composite spectra
are shown in blue, and measurements made from HR > 0 composite
spectra are shown in red. There is some tentative evidence that the
B�V color of HR > 0 sample is redder than that of HR < 0 sample,
while the V � i color of HR > 0 sample is bluer. This potential trend
is discussed further in the following section.

Finally, we look at the velocity di�erence in the context of

MNRAS 000, 1–7 (2019)
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Hubble Residuals 5

Figure 6. (first panel): +4 day composite spectra created from our nominal
sample. The blue curves show the properties of our HR > 0 composite
spectrum and the red curves show the properties of our HR < 0 composite
spectrum. The shaded regions are the 1� bootstrap sampling uncertainties.
(second panel): The ratio of the HR < 0 composite spectrum relative to
the HR > 0 composite spectrum. (third panel): The number of individual
spectra contributing to each wavelength bin. (fourth panel): The average
phase relative to maximum brightness as a function of wavelength. (fifth
panel): The average value of �m15(B) as a function of wavelength. (sixth
panel): The average HR as a function of wavelength.

the di�erent distance modulus corrections that are applied in cos-
mological analyses. In Figure 11 we present the maximum-light
HR-binned composite spectra from Figure 5 zoomed in on the Si II
�6355 feature. From top to bottom the sets of HR > 0 (blue) and HR
< 0 (red) composite spectra increase in the number of corrections
that have been applied before calculating HRs.

We find that in the last two sets of composite spectra HR
< 0 composite spectra clearly have a higher Si II line velocities
than HR > 0 composite spectra. This could mean that the e�ect is
present prior to applying the host mass step correction and we are
not introducing a velocity-HR correlation when accounting for the
host mass step. When we remove the color correction (second set
of composite spectra) the velocity di�erence between the HR bins
disappears indicating that, if there is still a velocity e�ect, it is not a
dominant influence on HRs when we only correct distance moduli
for light-curve shape.

Figure 7. Individual velocities versus HR of the SNe contributing to our +4
day composite spectra in Figure 6. Black points correspond to individual
SNe, and the orange stars correspond to the measurements from our compos-
ite spectra. The blue shaded region shows the distribution of velocities that
we get from bootstrap resampling and the blue lines are the mean velocities
of these distributions. The vertical blue-dashed line at HR = 0 shows where
the sample is divided.

3.3 Hubble Residuals and Absorption Strength

In addition to the velocity-HR relationship discussed above, we also
see potential evidence for spectral deviations between HR-binned
samples at later phases. In Figure 12 we present three sets of HR-
binned composite spectra with e�ective phases of +37, +52 and +77
days from top to bottom.

At +37 days, the HR > 0 and HR < 0 composite spectra look
very similar. While there are some subtle di�erences, most of these
deviations are contained within the 1� bootstrap resampling error
regions. However, as the composite spectra progress to later phases,
many of these deviations become more apparent. In particular, the
features in the HR < 0 composite spectra appear to be somewhat
muted in comparison to the HR > 0 composite spectra. This feature
strength di�erence is very apparent in the +52 and +77 day compos-
ite spectra causes most of the di�erences in extrema to fall outside
of the 1� bootstrap resampling error regions.

This feature strength relationship is clear in the +52 day HR-
binned composite spectra and the sample sizes are relatively large in
comparison to the +77 day HR-binned composite spectra. For this
reason, we chose to further examine this trend by looking at the +52
day composite spectra in more detail. Figure 14 is the same format
as Figure 6 and shows these composite spectra along with some
more detailed, wavelength dependent information. These composite
spectra were constructed using phase bins of +42 � +62 days and
�m15(B) bins of 0.7� 1.8 mag. The e�ective phase, �m15(B) , and
HR of the HR > 0 composite spectrum are 50.8 days, 1.11 mag, and
0.09 mag respectively, and the e�ective phase, �m15(B) , and HR of
the HR > 0 composite spectrum are 52.4 days, 1.08 mag, and -0.11
mag respectively. The phase panel (fourth panel) of Figure 14 shows
that while the phase bins are large, the average phase rarely di�ers
by more than 3 days. Similarly for�m15(B) (fifth panel), the average
�m15(B) at every wavelength rarely di�ers by more than 0.1 mag.
It is also important to note that the HR > 0 and HR < 0 sample sizes

MNRAS 000, 1–7 (2019)
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Figure 6. (first panel): +4 day composite spectra created from our nominal
sample. The blue curves show the properties of our HR > 0 composite
spectrum and the red curves show the properties of our HR < 0 composite
spectrum. The shaded regions are the 1� bootstrap sampling uncertainties.
(second panel): The ratio of the HR < 0 composite spectrum relative to
the HR > 0 composite spectrum. (third panel): The number of individual
spectra contributing to each wavelength bin. (fourth panel): The average
phase relative to maximum brightness as a function of wavelength. (fifth
panel): The average value of �m15(B) as a function of wavelength. (sixth
panel): The average HR as a function of wavelength.

the di�erent distance modulus corrections that are applied in cos-
mological analyses. In Figure 11 we present the maximum-light
HR-binned composite spectra from Figure 5 zoomed in on the Si II
�6355 feature. From top to bottom the sets of HR > 0 (blue) and HR
< 0 (red) composite spectra increase in the number of corrections
that have been applied before calculating HRs.

We find that in the last two sets of composite spectra HR
< 0 composite spectra clearly have a higher Si II line velocities
than HR > 0 composite spectra. This could mean that the e�ect is
present prior to applying the host mass step correction and we are
not introducing a velocity-HR correlation when accounting for the
host mass step. When we remove the color correction (second set
of composite spectra) the velocity di�erence between the HR bins
disappears indicating that, if there is still a velocity e�ect, it is not a
dominant influence on HRs when we only correct distance moduli
for light-curve shape.

Figure 7. Individual velocities versus HR of the SNe contributing to our +4
day composite spectra in Figure 6. Black points correspond to individual
SNe, and the orange stars correspond to the measurements from our compos-
ite spectra. The blue shaded region shows the distribution of velocities that
we get from bootstrap resampling and the blue lines are the mean velocities
of these distributions. The vertical blue-dashed line at HR = 0 shows where
the sample is divided.

3.3 Hubble Residuals and Absorption Strength

In addition to the velocity-HR relationship discussed above, we also
see potential evidence for spectral deviations between HR-binned
samples at later phases. In Figure 12 we present three sets of HR-
binned composite spectra with e�ective phases of +37, +52 and +77
days from top to bottom.

At +37 days, the HR > 0 and HR < 0 composite spectra look
very similar. While there are some subtle di�erences, most of these
deviations are contained within the 1� bootstrap resampling error
regions. However, as the composite spectra progress to later phases,
many of these deviations become more apparent. In particular, the
features in the HR < 0 composite spectra appear to be somewhat
muted in comparison to the HR > 0 composite spectra. This feature
strength di�erence is very apparent in the +52 and +77 day compos-
ite spectra causes most of the di�erences in extrema to fall outside
of the 1� bootstrap resampling error regions.

This feature strength relationship is clear in the +52 day HR-
binned composite spectra and the sample sizes are relatively large in
comparison to the +77 day HR-binned composite spectra. For this
reason, we chose to further examine this trend by looking at the +52
day composite spectra in more detail. Figure 14 is the same format
as Figure 6 and shows these composite spectra along with some
more detailed, wavelength dependent information. These composite
spectra were constructed using phase bins of +42 � +62 days and
�m15(B) bins of 0.7� 1.8 mag. The e�ective phase, �m15(B) , and
HR of the HR > 0 composite spectrum are 50.8 days, 1.11 mag, and
0.09 mag respectively, and the e�ective phase, �m15(B) , and HR of
the HR > 0 composite spectrum are 52.4 days, 1.08 mag, and -0.11
mag respectively. The phase panel (fourth panel) of Figure 14 shows
that while the phase bins are large, the average phase rarely di�ers
by more than 3 days. Similarly for�m15(B) (fifth panel), the average
�m15(B) at every wavelength rarely di�ers by more than 0.1 mag.
It is also important to note that the HR > 0 and HR < 0 sample sizes
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Figure 8. Temporal evolution of the Ca H&K, S II, Si II, and Ca II NIR-triplet features in our HR-binned composite spectra. Blue and red curves/shaded
regions correspond to the HR > 0 and HR < 0 composite spectra respectively. The e�ective phase from top to bottom of the sets of composite spectra are -5
(for Ca H&K, S II, and Si II), 0, +4, +9, and +15 days.

Figure 9. Si II velocity evolution of our HR sample. Individual points
are measurements made from individual spectra. Solid connected points
are binned medians using the same phase bins as the composite spectra
presented in Figure 8. Blue and red points correspond to measurements
from SNe in the HR > 0 and HR < 0 samples respectively.

are very di�erent in this phase range. The HR > 0 sample contains
18 spectra of 11 SNe, and the HR < 0 sample contains 60 spectra of
31 SNe.

We attempted to quantify this di�erence by developing a metric
for overall feature strength in a spectrum. First, we define a pseudo-
continuum by smoothing the spectrum on a large velocity scale
(d�/� = 0.1 in S19). We then take the absolute sum of the di�erence

between the spectrum and pseudo-continuum and divide by the total
wavelength range.

In Figure 14, we present measurements of this feature strength
proxy for our HR-binned composite spectra (blue points), and the
individual SNe contributing to our HR-binned composite spectra
(orange points). The measurements of this metric from the compos-
ite spectra seem to represent to the underlying spectra well. While
there is not a tight correlation between feature strength proxy and
HR, there is a potential trend. In comparison to the HR < 0 bin,
there does appear to be a lack of SNe with feature strength proxies
smaller than ⇠ 0.12 in the HR > 0 bin.

3.4 Possible Systematic Errors

Photometry sources

4 DISCUSSION AND CONCLUSIONS

We have used the open-source relational database kaepora to gener-
ate a variety of composite spectra with di�erent average properties
in order to investigate potential spectral variation with HRs. Our
main results can be summarized as follows:

• There exists an apparent trend between Si II line velocity and
HR. We find that SNe with negative HRs tend to have higher Si II
�6355 velocities. The velocity o�set between the HR > 0 and HR <
0 samples seems to be strongest at ⇠ +4 days where we measure a
velocity di�erence of 400 km s�1 at 3.5�.
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Figure 8. Temporal evolution of the Ca H&K, S II, Si II, and Ca II NIR-triplet features in our HR-binned composite spectra. Blue and red curves/shaded
regions correspond to the HR > 0 and HR < 0 composite spectra respectively. The e�ective phase from top to bottom of the sets of composite spectra are -5
(for Ca H&K, S II, and Si II), 0, +4, +9, and +15 days.

Figure 9. Si II velocity evolution of our HR sample. Individual points
are measurements made from individual spectra. Solid connected points
are binned medians using the same phase bins as the composite spectra
presented in Figure 8. Blue and red points correspond to measurements
from SNe in the HR > 0 and HR < 0 samples respectively.

are very di�erent in this phase range. The HR > 0 sample contains
18 spectra of 11 SNe, and the HR < 0 sample contains 60 spectra of
31 SNe.

We attempted to quantify this di�erence by developing a metric
for overall feature strength in a spectrum. First, we define a pseudo-
continuum by smoothing the spectrum on a large velocity scale
(d�/� = 0.1 in S19). We then take the absolute sum of the di�erence

between the spectrum and pseudo-continuum and divide by the total
wavelength range.

In Figure 14, we present measurements of this feature strength
proxy for our HR-binned composite spectra (blue points), and the
individual SNe contributing to our HR-binned composite spectra
(orange points). The measurements of this metric from the compos-
ite spectra seem to represent to the underlying spectra well. While
there is not a tight correlation between feature strength proxy and
HR, there is a potential trend. In comparison to the HR < 0 bin,
there does appear to be a lack of SNe with feature strength proxies
smaller than ⇠ 0.12 in the HR > 0 bin.

3.4 Possible Systematic Errors

Photometry sources

4 DISCUSSION AND CONCLUSIONS

We have used the open-source relational database kaepora to gener-
ate a variety of composite spectra with di�erent average properties
in order to investigate potential spectral variation with HRs. Our
main results can be summarized as follows:

• There exists an apparent trend between Si II line velocity and
HR. We find that SNe with negative HRs tend to have higher Si II
�6355 velocities. The velocity o�set between the HR > 0 and HR <
0 samples seems to be strongest at ⇠ +4 days where we measure a
velocity di�erence of 400 km s�1 at 3.5�.
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Figure 6. (first panel): +4 day composite spectra created from our nominal
sample. The blue curves show the properties of our HR > 0 composite
spectrum and the red curves show the properties of our HR < 0 composite
spectrum. The shaded regions are the 1� bootstrap sampling uncertainties.
(second panel): The ratio of the HR < 0 composite spectrum relative to
the HR > 0 composite spectrum. (third panel): The number of individual
spectra contributing to each wavelength bin. (fourth panel): The average
phase relative to maximum brightness as a function of wavelength. (fifth
panel): The average value of �m15(B) as a function of wavelength. (sixth
panel): The average HR as a function of wavelength.

the di�erent distance modulus corrections that are applied in cos-
mological analyses. In Figure 11 we present the maximum-light
HR-binned composite spectra from Figure 5 zoomed in on the Si II
�6355 feature. From top to bottom the sets of HR > 0 (blue) and HR
< 0 (red) composite spectra increase in the number of corrections
that have been applied before calculating HRs.

We find that in the last two sets of composite spectra HR
< 0 composite spectra clearly have a higher Si II line velocities
than HR > 0 composite spectra. This could mean that the e�ect is
present prior to applying the host mass step correction and we are
not introducing a velocity-HR correlation when accounting for the
host mass step. When we remove the color correction (second set
of composite spectra) the velocity di�erence between the HR bins
disappears indicating that, if there is still a velocity e�ect, it is not a
dominant influence on HRs when we only correct distance moduli
for light-curve shape.

Figure 7. Individual velocities versus HR of the SNe contributing to our +4
day composite spectra in Figure 6. Black points correspond to individual
SNe, and the orange stars correspond to the measurements from our compos-
ite spectra. The blue shaded region shows the distribution of velocities that
we get from bootstrap resampling and the blue lines are the mean velocities
of these distributions. The vertical blue-dashed line at HR = 0 shows where
the sample is divided.

3.3 Hubble Residuals and Absorption Strength

In addition to the velocity-HR relationship discussed above, we also
see potential evidence for spectral deviations between HR-binned
samples at later phases. In Figure 12 we present three sets of HR-
binned composite spectra with e�ective phases of +37, +52 and +77
days from top to bottom.

At +37 days, the HR > 0 and HR < 0 composite spectra look
very similar. While there are some subtle di�erences, most of these
deviations are contained within the 1� bootstrap resampling error
regions. However, as the composite spectra progress to later phases,
many of these deviations become more apparent. In particular, the
features in the HR < 0 composite spectra appear to be somewhat
muted in comparison to the HR > 0 composite spectra. This feature
strength di�erence is very apparent in the +52 and +77 day compos-
ite spectra causes most of the di�erences in extrema to fall outside
of the 1� bootstrap resampling error regions.

This feature strength relationship is clear in the +52 day HR-
binned composite spectra and the sample sizes are relatively large in
comparison to the +77 day HR-binned composite spectra. For this
reason, we chose to further examine this trend by looking at the +52
day composite spectra in more detail. Figure 14 is the same format
as Figure 6 and shows these composite spectra along with some
more detailed, wavelength dependent information. These composite
spectra were constructed using phase bins of +42 � +62 days and
�m15(B) bins of 0.7� 1.8 mag. The e�ective phase, �m15(B) , and
HR of the HR > 0 composite spectrum are 50.8 days, 1.11 mag, and
0.09 mag respectively, and the e�ective phase, �m15(B) , and HR of
the HR > 0 composite spectrum are 52.4 days, 1.08 mag, and -0.11
mag respectively. The phase panel (fourth panel) of Figure 14 shows
that while the phase bins are large, the average phase rarely di�ers
by more than 3 days. Similarly for�m15(B) (fifth panel), the average
�m15(B) at every wavelength rarely di�ers by more than 0.1 mag.
It is also important to note that the HR > 0 and HR < 0 sample sizes
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Conclusions 
• Foundation and Swope Have Observed >500 low-z SNe Ia 
• O(10) New Calibrators for H0. 
• Significant Improvement in Calibration and               
Reduction of  Systematics 

• Training Sample for Next-Generation Light-Curve Fitting 
• Kaepora is Extremely Powerful for Detailed Analyses 
• SNe Ia with Negative HRs have Higher Velocity 
• Hiring postdocs for next year


