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Figure 2. The SN Ia stretch (s; left panels) and colour (C; right panels) from SiFTO as a function of the host galaxy sSFR (upper panels) and Mstellar (lower
panels). The red points show the weighted mean s or C, corrected for dispersion, in bins of sSFR and Mstellar. Only SNLS SNe are shown (similar plots for the
low-redshift sample can be found in N09). Equivalent results are found with SALT2.

for each SN, given by

mmod
B = 5 log10 DL (z; !M) + MB, (3)

where DL is the c/H0 reduced luminosity distance with the c/H0

factor (here c is the speed of light) absorbed into MB , the absolute
luminosity of a s = 1C = 0 SN Ia (equation 1). Explicitly, MB =
MB + 5 log10(c/H0) + 25, where MB is the absolute magnitude of a
SN Ia in the B-band (for SALT2 fits, MB refers to an x1 = 0, C = 0
event). For convenience, we present our results as MB rather than
MB , but note that this requires a value of H0 to be assumed – a
choice that does not impact our results in any way.

", # and MB are often referred to as ‘nuisance variables’ in
cosmological fits as they are not of immediate interest when de-
termining cosmological models. Instead they parametrize luminos-
ity variations within the SN Ia samples and are likely related to
the physics of the SN Ia explosion and/or the SN Ia environment;
clearly this makes them of great interest in this paper.

Two different approaches are used. The first approach examines
the residuals of the SNe from global cosmological fits using the
SNLS3z < 0.85 plus low-redshift sample, fixing !M = 0.256 (the
best-fitting value for this sample). We choose this number instead
of a more ‘standard’ value like !M = 0.3 to ensure that no redshift

bias in our SN Ia residuals is introduced by adopting a cosmological
model that does not fit the data adequately. The second examines any
variation of the nuisance variables by fixing the same cosmological
model and performing fits on subsamples of SNLS SNe with the nui-
sance parameters free. The first technique uses global values of the
nuisance variables for the entire sample, whereas the second allows
them to vary by environment. The advantage of the latter technique
is that as the cosmological model is fixed, a large low-redshift sam-
ple is not required in order to examine brightness-dependent tests
internally within the well-measured SNLS sample. Throughout, we
define a Hubble residual as mcorr

B ! mmod
B , i.e. brighter SNe have

negative Hubble residuals.

4.1 Residuals from global cosmological fits

We consider the residuals from the best-fitting cosmological model
as a function of three host properties: sSFR, Mstellar and Mstellar con-
verted into a metallicity estimate (Z). Residual trends here indicate
luminosity-dependent effects that are not removed by the standard
s (or x1) and C methodology, but that do correlate with some other
physical variable associated with the host galaxy. We emphasize that
Mstellar and Z are therefore highly correlated, and our Z estimates
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Figure 4. As Fig. 3, but for Mstellar instead of sSFR.

significant differences are seen. Monte Carlo tests on the Z-split
sample are similar to those for Mstellar.

4.3 Effect of assumed cosmology

Our choice of cosmology could affect our results in two ways.
The first is the impact on the derived absolute host galaxy
properties, such as Mstellar or sSFR. Changing the assumed H0

(70 km s!1 Mpc!1) has only a superficial effect – all the host galaxy
masses or other derived properties will change relative to each
other in the same consistent way. Altering the other cosmological
parameters, such as !M, has a more subtle effect. In a flat universe,
a smaller !M will make the higher-redshift hosts more massive
compared to those at lower-redshift (effectively they become more
distant); a larger !M will have the opposite effect. Within the errors
to which cosmological parameters are currently measured, this is
a small effect – a stellar mass derived with !M = 0.30 instead of
!M = 0.256 changes by <0.04 dex at z = 0.5 and <0.07 dex at
z = 1. We have run our fits using this alternative model and find
essentially identical results.

The cosmological model could also impact the SN properties.
If the redshift distributions of the host galaxies either side of the

split point in mass or metallicity are different, then any systematic
trend in SN brightnesses with redshift may increase (or decrease)
the significance of the differences in the nuisance parameters. For
example, an incorrect photometric zero-point in one of the SNLS
filters would introduce a difference in SN Ia brightness which is a
smooth function of redshift, and if the mix of hosts also changes
with redshift, this could introduce a corresponding offset in the
magnitudes of SNe Ia in those hosts.

We test the effect of the assumed cosmology in Fig. 7. We start
with our default cosmology (!M = 0.256, w = !1), and vary !M

(by ±0.15) and w (by ±0.4) recording the difference in derived
nuisance parameters. As might be expected, only small variations
in the differences in the derived nuisance parameters are seen. The
largest variation in the difference in MB is with Mstellar(" ±0.01),
for " with Mstellar(" ±0.05) and for # with Z (" ±0.05). Thus the
assumption of the cosmological model does not drive our results.

4.4 SNLS selection effects

A final consideration is the possibility of a selection effect which
operates to either select against fainter SNe Ia (after correction) in
massive or low-sSFR galaxies, or brighter SNe Ia in low-Mstellar or
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Figure 1: Time evolution of the Sodium D2 component region as a function of elapsed time
since B-band maximum light. The heliocentric velocities have been corrected to the rest-frame
using the host galaxy recession velocity. All spectra have been normalized to their continuum.
In each panel, the dotted curve traces the atmospheric absorption spectrum.
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sample have been published: SN 2006X (6), SN
2007af (8), SN 2007le (9), and SN 2008D (23).

The HIRES observations used setups with spec-
tral resolution (R = l/dl) of !50,000 to 52,000,
giving full width at half-maximum (FWHM) in-
tensity of !0.115 to 0.12 Å (or !5.5 to 6 km s"1)
in the vicinity of the Na I D lines. The MIKE
observations were obtained with R # 30,000 to
36,000, giving FWHM # 0.165 to 0.2 Å (or !8.4
to 10 km s"1) near Na I D.We reduced the HIRES
spectra using the MAKEE (MAuna Kea Echelle
Extraction) pipeline (24). The MIKE data were
reduced with the latest version of the MIKE
pipeline (25).

We obtained the redshift and morphologi-
cal classification of the host galaxies of our SN
sample from the NASA/IPAC Extragalactic Data-
base (NED) (26), the SIMBAD astronomical
database (27), or using images from the Digital
Sky Survey (DSS) (28). Our sample host-galaxy
redshifts z are between 0.0019 [0.0015] and 0.06.
Tables S1 and S2 list our complete SN sample
with host-galaxy properties.

The redshifts of the host galaxies are suffi-
ciently large to allow us to differentiate between
absorption resulting from material in the Milky
Way (MW) (i.e., at z # 0; used as a control sam-
ple) and from material in the host galaxies of
the SNe. Out of the 35 [41] events in our SN Ia
sample, 22 [28] events exhibit absorption fea-
tures consistent with the object’s host-galaxy red-
shift and 13 events do not [supporting online
material (SOM) text S1]. In the CC SN sample,
9 [16] events exhibit absorption compatible with
the SN host-galaxy redshifts and 2 events do not
(SOM text S1). Of a total of 46 [59] events (SNe

Ia and CC SNe), 42 [51] exhibit Na I D absorp-
tion due to material in the Milky Way whereas
4 [8] do not.

We normalized the spectra across the con-
tinuum and translated wavelengths into veloc-
ities relative to the wavelength of the minimum
of the most prominent absorption feature of both
of the D lines (SOM text S2), both for the fea-
tures in the host galaxies and in the Milky Way
when detected, using the Doppler shift,

v=c # !l " l0"=l0 !1"

where c is the speed of light in vacuum, l0 is
the wavelength of the zero-velocity component,
and v is the velocity of the component that was
Doppler shifted from l0 to l. We categorized
the absorption features exhibited in our spectra
into three classes of structures as follows (see
Fig. 1 for graphic examples): (i) Blueshifted: One
prominent absorption feature with weaker fea-
tures at shorter wavelengths with respect to it. (ii)
Redshifted: One prominent absorption feature
with weaker features at longer wavelengths with
respect to it. (iii) Single/Symmetric: A single ab-
sorption feature, or several features with both blue
and redshifted structures of similar magnitude.
Classification results are presented in Table 1,
Fig. 2, and fig. S1.

We used the Galactic Na I D absorption along
the line of sight to our SNe as a control sample,
extending it with Galactic absorption along the
line of sight toward quasi-stellar objects (QSOs)
published by Ben Bekhti et al. (29). To imitate
being observed from outside of the Milky Way,
we inverted the velocities of the Galactic fea-

tures. Figures S2 to S5 show the spectra of the
SN Ia sample, and fig. S6 shows the spectra of
the CC SN sample.

The absorption features we observe are nar-
row, with typical separations and velocity dis-
persions of a few tens of km s"1, and are distinct
from features due to material ejected in the ex-
plosion itself that are wide (!104 km s"1), re-
flecting the expansion velocity of the SN ejecta.
It is apparent from Table 1, Fig. 2, and fig. S1
that the SN Ia sample displays a strong prefer-
ence for blueshifted structures, whereas the Milky
Way sample shows no distinctive preference.

To test whether our SN Ia sample could be a
random draw out of a uniform distribution, we
calculated the probability of observing a set of
22 [28] spectra exhibiting the preference we de-
tected in our sample, or a set even more extreme
(i.e., 12 [16] or more blueshifted spectra and 5
[6] or fewer redshifted spectra); the result was
low, 2.23% [0.54%]. Moreover, a Kolmogorov-
Smirnov (K-S) test rejects the null hypothesis
that the SN Ia and MW samples are from the
same distribution at a 1% significance level.

Out of the 17 SNe Ia that were classified as
blueshifted or redshifted, 2 events (11.8%; SNe
2006X and 2008fp) exhibit saturated features. Out
of the 7 CC SNe classified as blueshifted or red-
shifted, 4 events (57.1%; SNe 2006bp, 2008cg,
2008D, and 2008J) exhibit saturated features. Three
SNe Ia in our sample occurred in elliptical galaxies
(SNe 2006ct, 2006eu, and 2007on; see table S1),
and their spectra do not exhibit Na I D absorption
features. Eight of our SNe Ia occurred in lenticular
galaxies, of which two exhibit absorption fea-
tures (one blueshifted and one single) and six do
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Fig. 1. Examples of spectra classified as blueshifted (A), redshifted (B), and single (C) or symmetric (D). Flux is normalized and velocities are given in km s!1

relative to the prominent absorption-feature minimum (relative to D2 in blue and to D1 in red).
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not. Therefore, our sample provides a good rep-
resentation of SNe Ia in nearby (z ! 0.06) spiral
galaxies.

We calculated the velocities and column den-
sity (N) of the absorbing material by fitting them
with Voigt profiles using VPFIT [(30); see Fig.
3]. SN Ia features have a log(N) similar to that of
the MW features, lower on average than those in
CC SNe. The relative velocities of the SN Ia fea-
tures range between "150.8 and +139.4 km s"1

(with an additional single feature at +193.7 km s"1),
whereas the CC SN relative velocities range be-
tween "87.2 and +116.6 km s"1, and the MW ve-
locity ranges between "79.5 and +116.9 km s"1.
The cumulative distribution of the relative num-
ber of features as a function of the velocity for
each sample is given in Fig. 4.

The narrow absorption features that we mea-
sured could possibly be produced by (i) interven-
ing clouds of gas in the host galaxy; (ii) a systemic
wind blown by the host galaxy; (iii) nonrandomly
moving interstellar matter (ISM)—a relic from a
star-forming event; and (iv) material ejected from
the progenitor system before its explosion.

In the first case, intervening clouds of gas in
galaxies may have a small random velocity rel-
ative to the local rotation velocity; therefore, the
resulting absorption features are equally likely to
be either blueshifted or redshifted relative to the
SN, in contrast to the preference exhibited in our
SN Ia sample (shown to be inconsistent with a
random draw from a uniform parent distribution).
The structure of the absorption features observed
in theMilkyWay is due to the movement of ISM
gas clouds, and our results are in good agreement
with a uniform distribution from randomlymoving
clouds (see Table 1, Fig. 2, and fig. S1). The CC
SN sample is unfortunately quite small and is
consistent with either a uniform distribution or
one similar to that of the SN Ia sample.

If the second explanation was viable, we
would expect to see a signature of this wind in
the Milky Way sample, as a prevalence of blue-
shifted absorption (i.e., outflowing). However, the
MW could be a special case. We would also ex-
pect to see a similar, or even greater, effect in our
CC SN sample, but this is not the case. Never-
theless, the CC SN sample is too small to reach
statistical significance. Furthermore, if this model
were correct, blueshift due to galactic outflows
would be common and imply a large velocity
span, at small host inclination (i.e., hosts closer
to being face on). Figure S7 shows that the ab-
sorption features of SN Ia events that occurred
in spiral hosts (see figs. S9 to S11 for host im-
ages) show no preference toward low-inclination
hosts, nor is there a correlation between the ve-
locity span and the inclination.

In addition, galactic winds are observed mainly
in galaxies with a star-formation rate (SFR) sur-
face density threshold above #0.1M◉ (solar mass)
year"1 kpc"2 and are rare in local ordinary disk
galaxies (31). Moreover, galactic winds are thought
to be expelled into the halo and then cool and
fall back onto the disk [the “galactic fountain”

process (32, 33)]. Because of its low first ioniza-
tion potential (5.1 eV), sodium is a good tracer
for neutral gas; thus, Na I D absorption is ex-
pected to be observed mainly in the later stage
of the galactic fountain process (i.e., the inflow)
when the gas is mostly neutral, and less during
the earlier outflow stage when the gas is ex-

pected to be mostly ionized (34, 35), resulting
in a redshifted preference. Absorption from gas
in galactic halos has larger equivalent widths
and column densities of Ca II H and K, N(Ca II)
relative to Na I D, whereas ISM and CSM have
N(Na I)/N(Ca II) of order unity (36). We have
spectral coverage of Ca II H and K for 12 out of

Table 1. Classification of absorption features.

Sample Blueshifted Redshifted Single/Symmetric Total

SNe Ia 12 [16] 5 [6] 5 [6] 22 [28]
CC SNe 4 [8] 3 [5] 2 [3] 9 [16]
MW (SNe) 12 [13] 13 [16] 17 [22] 42 [51]
MW (QSO) 10 13 6 29
MW (QSO+SNe) 22 [23] 26 [29] 23 [28] 71 [80]

31%

36.6%

32.4%

Milky Way (QSO+SNe)
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Fig. 2. Pie-chart visualization of the results given in Table 1. The results for the extended samples
are shown in fig. S1.
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Fig. 3. A plot of log(N) of the absorbing material calculated with VPFIT as a function of velocity
relative to the zero-velocity component, for the blueshifted and redshifted components observed in
our sample. Zero-velocity components are omitted. The solid lines are the log(N) averages for the
different samples: SNe Ia (blue), log(N)avg = 11.67 T 0.054; CC SNe (red), log(N)avg = 12.07 T 0.075;
and MW (green), log(N)avg = 11.59 T 0.058. Column densities are given in cm!2. Dashed lines mark
the uncertainty in the mean of the corresponding solid lines.
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not. Therefore, our sample provides a good rep-
resentation of SNe Ia in nearby (z ! 0.06) spiral
galaxies.

We calculated the velocities and column den-
sity (N) of the absorbing material by fitting them
with Voigt profiles using VPFIT [(30); see Fig.
3]. SN Ia features have a log(N) similar to that of
the MW features, lower on average than those in
CC SNe. The relative velocities of the SN Ia fea-
tures range between "150.8 and +139.4 km s"1

(with an additional single feature at +193.7 km s"1),
whereas the CC SN relative velocities range be-
tween "87.2 and +116.6 km s"1, and the MW ve-
locity ranges between "79.5 and +116.9 km s"1.
The cumulative distribution of the relative num-
ber of features as a function of the velocity for
each sample is given in Fig. 4.

The narrow absorption features that we mea-
sured could possibly be produced by (i) interven-
ing clouds of gas in the host galaxy; (ii) a systemic
wind blown by the host galaxy; (iii) nonrandomly
moving interstellar matter (ISM)—a relic from a
star-forming event; and (iv) material ejected from
the progenitor system before its explosion.

In the first case, intervening clouds of gas in
galaxies may have a small random velocity rel-
ative to the local rotation velocity; therefore, the
resulting absorption features are equally likely to
be either blueshifted or redshifted relative to the
SN, in contrast to the preference exhibited in our
SN Ia sample (shown to be inconsistent with a
random draw from a uniform parent distribution).
The structure of the absorption features observed
in theMilkyWay is due to the movement of ISM
gas clouds, and our results are in good agreement
with a uniform distribution from randomlymoving
clouds (see Table 1, Fig. 2, and fig. S1). The CC
SN sample is unfortunately quite small and is
consistent with either a uniform distribution or
one similar to that of the SN Ia sample.

If the second explanation was viable, we
would expect to see a signature of this wind in
the Milky Way sample, as a prevalence of blue-
shifted absorption (i.e., outflowing). However, the
MW could be a special case. We would also ex-
pect to see a similar, or even greater, effect in our
CC SN sample, but this is not the case. Never-
theless, the CC SN sample is too small to reach
statistical significance. Furthermore, if this model
were correct, blueshift due to galactic outflows
would be common and imply a large velocity
span, at small host inclination (i.e., hosts closer
to being face on). Figure S7 shows that the ab-
sorption features of SN Ia events that occurred
in spiral hosts (see figs. S9 to S11 for host im-
ages) show no preference toward low-inclination
hosts, nor is there a correlation between the ve-
locity span and the inclination.

In addition, galactic winds are observed mainly
in galaxies with a star-formation rate (SFR) sur-
face density threshold above #0.1M◉ (solar mass)
year"1 kpc"2 and are rare in local ordinary disk
galaxies (31). Moreover, galactic winds are thought
to be expelled into the halo and then cool and
fall back onto the disk [the “galactic fountain”

process (32, 33)]. Because of its low first ioniza-
tion potential (5.1 eV), sodium is a good tracer
for neutral gas; thus, Na I D absorption is ex-
pected to be observed mainly in the later stage
of the galactic fountain process (i.e., the inflow)
when the gas is mostly neutral, and less during
the earlier outflow stage when the gas is ex-

pected to be mostly ionized (34, 35), resulting
in a redshifted preference. Absorption from gas
in galactic halos has larger equivalent widths
and column densities of Ca II H and K, N(Ca II)
relative to Na I D, whereas ISM and CSM have
N(Na I)/N(Ca II) of order unity (36). We have
spectral coverage of Ca II H and K for 12 out of

Table 1. Classification of absorption features.

Sample Blueshifted Redshifted Single/Symmetric Total

SNe Ia 12 [16] 5 [6] 5 [6] 22 [28]
CC SNe 4 [8] 3 [5] 2 [3] 9 [16]
MW (SNe) 12 [13] 13 [16] 17 [22] 42 [51]
MW (QSO) 10 13 6 29
MW (QSO+SNe) 22 [23] 26 [29] 23 [28] 71 [80]

31%

36.6%

32.4%

Milky Way (QSO+SNe)

 

 

 Blueshifted
 Redshifted
 Single/Symmetric

54.6%
22.7%

22.7%

SNe Ia

34.5%

44.8%

20.7%
Milky Way (QSO)

28.6%

30.9%

40.5%

Milky Way (SNe)

44.4%

33.3%

22.3%
Core Collapse SNe

Fig. 2. Pie-chart visualization of the results given in Table 1. The results for the extended samples
are shown in fig. S1.
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Fig. 3. A plot of log(N) of the absorbing material calculated with VPFIT as a function of velocity
relative to the zero-velocity component, for the blueshifted and redshifted components observed in
our sample. Zero-velocity components are omitted. The solid lines are the log(N) averages for the
different samples: SNe Ia (blue), log(N)avg = 11.67 T 0.054; CC SNe (red), log(N)avg = 12.07 T 0.075;
and MW (green), log(N)avg = 11.59 T 0.058. Column densities are given in cm!2. Dashed lines mark
the uncertainty in the mean of the corresponding solid lines.
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Many SN Ia Progenitors Have Winds
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by blue diamonds, black circles, and red squares, respectively. The
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certainty. Each point with 1 ! "m15 ! 1.5 mag has a circle sur-
rounding it, with a minimum size to help the reader see the smallest
points (corresponding to SNe with the largest uncertainty). The
solid line is the best-fit line for the 1 ! "m15 ! 1.5 mag subsam-
ple.

1.0 1.5 2.0
Δm15(B) (mag)

−8

−10

−12

−14

−16
Si

 II
 V

el
oc

ity
 a

t M
ax

im
um

 B
rig

ht
ne

ss
 (1

03  k
m

 s−
1 )

Fig. 3.— Si II velocity at maximum brightness (v0
Si II

) as a func-
tion of "m15(B) for the F11 sample. The vertical dotted lines
mark the region of our full analysis (1 ! "m15(B) ! 1.5 mag).

from their true value. Regardless, there appears to be a
dearth of high-velocity/fast-declining SNe Ia, but there
are not many SNe with large !m15(B) in the F11 sam-
ple. Slow-declining SNe Ia can have high-velocity ejecta,
but there also appear to be a significant population of
low-velocity/slow-declining SNe Ia.

The lack of high-velocity/fast-declining SNe Ia is not
unexpected. SNe Ia with !m15(B) ! 1.5 mag are spec-

troscopically distinct from slower-declining SNe Ia, be-
ing spectroscopically similar to SN 1991bg (Filippenko
et al. 1992a; Leibundgut et al. 1993). No high-velocity
SN 1991bg-like SN Ia has yet been discovered. It is worth
noting that despite having a low velocity near maximum
brightness, SNe Ia with !m15(B) > 1.5 mag tend to
have high-velocity gradients (Benetti et al. 2005; Fig-
ure 2). Therefore, Equation 4 may not properly describe
the velocity evolution of these SNe.

Since fast-declining SNe Ia have ejecta velocities sim-
ilar to or lower than slower-declining SNe Ia at maxi-
mum brightness, one cannot attribute their fast post-
maximum decline to a rapidly expanding photosphere
(e.g., Höflich et al. 1996; Pinto & Eastman 2001).
Rather, the post-maximum decline is likely set by the
amount of Fe-group elements in the ejecta (and thus
linked to 56Ni production in the explosion and the SN
peak luminosity) (Kasen & Woosley 2007).

Benetti et al. (2005) also showed a lack of high-velocity
gradient SNe Ia with !m15(B) < 1 mag. Many of these
SNe are spectroscopically similar to SN 1991T (Filip-
penko et al. 1992b), which have a low velocity near max-
imum brightness (W09). Although the relation between
velocity at maximum brightness and velocity gradient for
SN 1991T-like SNe appears to be consistent with that
found in Equation 4, there are larger residuals for these
SNe.

Within the limited range of 1 ! !m15(B) ! 1.5 mag,
there is no clear trend between v0

Si II and !m15(B); how-
ever, the SNe with the slowest ejecta are found among
the slowest decliners.

In Figure 4, we show the v0
Si II cumulative distribu-

tion functions (CDFs) for SNe Ia in the F11 sample with
!m15(B) < 1, 1 ! !m15(B) ! 1.5, and !m15(B) >
1.5 mag. Using these broad groups, it is easy to see
the trends described above: there is a lack of high-
velocity/fast-declining SNe Ia, there are a significant
number of high-velocity/slow-declining SNe Ia, and there
are a significant number of low-velocity/slow-declining
SNe Ia. Additionally, the figure shows that SNe Ia with
1 ! !m15(B) ! 1.5 mag tend to have a higher v0

Si II than
SNe Ia in the other groups. Performing Kolmogorov-
Smirnov (K-S) tests, we find that it is unlikely that
SNe Ia with 1 ! !m15(B) ! 1.5 mag and those with
!m15(B) < 1 mag and those with !m15(B) > 1.5 mag
come from the same parent population (p = 0.0065 and
0.04, respectively).

Because of the spectroscopic di"erence between SNe Ia
with 1 ! !m15(B) ! 1.5 mag and many of the SNe Ia
outside that range, we find it prudent to restrict our
analysis to this range. Additionally, the di"erences in
velocity populations for the three groups above and the
di"erent relation between velocity and velocity gradient
for SN 1991bg-like SNe Ia (see Figure 2) give further
reason to focus on the limited range in light-curve shape.
Finally, W09 found that “Normal” and “High-Velocity”
SNe Ia have similar light-curve shape and host-galaxy
morphology distributions over this range.

Hicken et al. (2009a) compiled morphology classifica-
tions for most of the host galaxies of SNe Ia in the
F11 sample. Figure 5 presents v0

Si II as a function of
host-galaxy morphology for the F11 sample with 1 !
!m15(B) ! 1.5 mag. As found by Wang et al. (2009),
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dereddened by the Galactic reddening using the full-sky maps
of dust infrared emission (Schlegel et al. 1998).

As can be seen from Figure 3(a), the decline rate of the HV
SNe Ia exhibit a narrower distribution relative to the Normal
group. Although they include events with small !m15, no HV
objects were found at !m15 > 1.6. A similar narrow distribution
is seen in their V-band absolute magnitudes (Figure 3(b)), with
exceptions for a few heavily reddened objects on the faint side.
Restricting the sample to those with Bmax ! Vmax < 0.20 mag,
the mean value of MV

max as well as that of !m15 is found to
be comparable for the HV and Normal SNe Ia. Despite these
similarities, the Bmax ! Vmax colors of the two groups show
noticeable differences (see Figure 3(c)), with the average value
of the HV group being redder by " 0.08 mag. This difference
increases to 0.10 mag by further restricting the subsamples to
those with 1.0 ! !m15 ! 1.5. In addition, the frequency of the
Normal SNe Ia at the bluer end (Bmax ! Vmax <0) is obviously
higher than that of the HV objects, e.g., 42.7% versus 14.5%.
This indicates that the HV SNe Ia may preferentially occur in
dusty environments, or they have intrinsically red colors (see the
discussion in Section 4). On the other hand, the morphological
distributions of the host galaxies for these two groups do not
show significant differences, perhaps suggesting that the color
differences might not be caused by dust on large scales.

Although our analysis involves a large sample, we caution that
the distributions of the above observables may suffer from an ob-
servational bias inherited in the observed sample. Further studies
will be needed to determine whether this is indeed the case.

3.2. Dust Absorption and Luminosity Standardization

Dust absorption may be one of the main uncertainties in
the brightness corrections of SNe Ia, depending not only on
knowledge of the reddening E(B !V ) but also on the properties
of the dust. Infrared photometry, together with optical data,
would set better constraints on RV (defined to be AV /E(B !V ))
on an object-by-object basis, but it was not available for most of
our sample. Given the sample size, we attempt to quantify the
average extinction ratio RV for SNe Ia in a statistical way.

With the known empirical relations between the intrinsic
colors and the decline rate !m15 (Wang et al. 2009), we derive
the reddening for our sample from the Bmax!Vmax color and that
measured at 12 days past the B maximum (Wang et al. 2005).
To maintain consistency in our reddening determination, we did
not use the tail color (Phillips et al. 1999) or the color at t =
35 day after B maximum (Jha et al. 2007) owing to the possible
abnormal color evolution of HV SNe Ia in the nebular phase
(W08a). The host-galaxy reddening E(B ! V )host was taken to
be the weighted average of the determinations by the above two
methods, and the negative values were kept as measured. We
note, however, that part of the reddening derived for the HV
objects would be biased if their intrinsic color–!m15 relations
were different from those defined by the normal ones. Thus,
the inferred value of RV for them (discussed below) may not
represent the true extinction ratio.

In Figure 4, the absolute peak magnitudes MV
max, corrected for

the dependence on !m15 using a relation derived from the low-
reddening subsample, is plotted versus E(B ! V )host. One can
see that the HV group follows a relation significantly different
from that for the Normal group. Assuming that the correlation
is governed by dust absorption, the effective RV values for these
two groups are 1.57 ± 0.08 (HV) and 2.36 ± 0.09 (Normal).
The objects with z < 0.010 but without Cepheid distances were

Figure 4. !m15-corrected absolute V mag at maximum brightness vs. the host-
galaxy reddening. The filled symbols are SNe with z ! 0.01 or Cepheid-based
distances, and the open symbols are nearby objects that were not included in
the fit. The two solid lines show the best-fit RV for SNe in the HV and Normal
groups, with dotted lines indicating 2! uncertainties. The dashed line represents
the Milky Way reddening law.

not included in the fit.9 We note that SN 1996ai and SN 2003cg
may have RV close to 1.9, perhaps due to abnormal interstellar
dust, although their distances have large uncertainties. It is not
clear whether they are outliers, or a low RV value is common
for extremely reddened SNe Ia. Nevertheless, the slopes of the
fits to the HV and Normal SNe Ia are still clearly different even
if all the events with E(B ! V )host > 0.50 mag are excluded.

The corresponding regression of MV
max with two variables,

!m15 and E(B ! V )host, takes the form

MV
max = Mzp + "(!m15 ! 1.1) + RV E(B ! V )host, (1)

where Mzp represents the mean absolute magnitude, corrected
for the reddening in the Milky Way and the host galaxy, and
normalized to !m15 = 1.1. For the HV and Normal SNe Ia, one
obtains

Normal :" = 0.77 ± 0.06, RV = 2.36 ± 0.07,

Mzp = !19.26 ± 0.02, N = 83, ! = 0.123; (2)

HV :" = 0.75 ± 0.11, RV = 1.58 ± 0.07,

Mzp = !19.28 ± 0.03, N = 42, ! = 0.128. (3)

The improved solutions are quite close to the provisional values.
The resulting MV

max–!m15 relation does not show a significant
difference between the HV and Normal groups, and both slopes
are found to be in accord with that adopted in the earlier analysis.

After accounting for the dependence on the two variables
!m15 and E(B ! V )host, we find the luminosity scatter to be
0.128 mag for the HV group and 0.123 mag for the Normal
one. A two-component fit to these two groups having different
values of RV yields a luminosity scatter 0.125 mag. Assuming

9 SN 2006lf was excluded from the fit. After correction for the Galactic
reddening E(B ! V )Gal = 0.97 mag with RV = 3.1, the V-band luminosity is
found to be higher than that of the typical SN Ia by about 0.7 mag, possibly
indicating a large uncertainty in the correction for Galactic reddening.
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dereddened by the Galactic reddening using the full-sky maps
of dust infrared emission (Schlegel et al. 1998).

As can be seen from Figure 3(a), the decline rate of the HV
SNe Ia exhibit a narrower distribution relative to the Normal
group. Although they include events with small !m15, no HV
objects were found at !m15 > 1.6. A similar narrow distribution
is seen in their V-band absolute magnitudes (Figure 3(b)), with
exceptions for a few heavily reddened objects on the faint side.
Restricting the sample to those with Bmax ! Vmax < 0.20 mag,
the mean value of M
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max as well as that of !m15 is found to

be comparable for the HV and Normal SNe Ia. Despite these
similarities, the Bmax ! Vmax colors of the two groups show
noticeable differences (see Figure 3(c)), with the average value
of the HV group being redder by " 0.08 mag. This difference
increases to 0.10 mag by further restricting the subsamples to
those with 1.0 ! !m15 ! 1.5. In addition, the frequency of the
Normal SNe Ia at the bluer end (Bmax ! Vmax <0) is obviously
higher than that of the HV objects, e.g., 42.7% versus 14.5%.
This indicates that the HV SNe Ia may preferentially occur in
dusty environments, or they have intrinsically red colors (see the
discussion in Section 4). On the other hand, the morphological
distributions of the host galaxies for these two groups do not
show significant differences, perhaps suggesting that the color
differences might not be caused by dust on large scales.

Although our analysis involves a large sample, we caution that
the distributions of the above observables may suffer from an ob-
servational bias inherited in the observed sample. Further studies
will be needed to determine whether this is indeed the case.

3.2. Dust Absorption and Luminosity Standardization

Dust absorption may be one of the main uncertainties in
the brightness corrections of SNe Ia, depending not only on
knowledge of the reddening E(B !V ) but also on the properties
of the dust. Infrared photometry, together with optical data,
would set better constraints on RV (defined to be AV /E(B !V ))
on an object-by-object basis, but it was not available for most of
our sample. Given the sample size, we attempt to quantify the
average extinction ratio RV for SNe Ia in a statistical way.

With the known empirical relations between the intrinsic
colors and the decline rate !m15 (Wang et al. 2009), we derive
the reddening for our sample from the Bmax!Vmax color and that
measured at 12 days past the B maximum (Wang et al. 2005).
To maintain consistency in our reddening determination, we did
not use the tail color (Phillips et al. 1999) or the color at t =
35 day after B maximum (Jha et al. 2007) owing to the possible
abnormal color evolution of HV SNe Ia in the nebular phase
(W08a). The host-galaxy reddening E(B ! V )host was taken to
be the weighted average of the determinations by the above two
methods, and the negative values were kept as measured. We
note, however, that part of the reddening derived for the HV
objects would be biased if their intrinsic color–!m15 relations
were different from those defined by the normal ones. Thus,
the inferred value of RV for them (discussed below) may not
represent the true extinction ratio.

In Figure 4, the absolute peak magnitudes M
V
max, corrected for

the dependence on !m15 using a relation derived from the low-
reddening subsample, is plotted versus E(B ! V )host. One can
see that the HV group follows a relation significantly different
from that for the Normal group. Assuming that the correlation
is governed by dust absorption, the effective RV values for these
two groups are 1.57 ± 0.08 (HV) and 2.36 ± 0.09 (Normal).
The objects with z < 0.010 but without Cepheid distances were

Figure 4. !m15-corrected absolute V mag at maximum brightness vs. the host-
galaxy reddening. The filled symbols are SNe with z ! 0.01 or Cepheid-based
distances, and the open symbols are nearby objects that were not included in
the fit. The two solid lines show the best-fit RV for SNe in the HV and Normal
groups, with dotted lines indicating 2! uncertainties. The dashed line represents
the Milky Way reddening law.

not included in the fit.9 We note that SN 1996ai and SN 2003cg
may have RV close to 1.9, perhaps due to abnormal interstellar
dust, although their distances have large uncertainties. It is not
clear whether they are outliers, or a low RV value is common
for extremely reddened SNe Ia. Nevertheless, the slopes of the
fits to the HV and Normal SNe Ia are still clearly different even
if all the events with E(B ! V )host > 0.50 mag are excluded.

The corresponding regression of M
V
max with two variables,

!m15 and E(B ! V )host, takes the form

M
V
max = Mzp + "(!m15 ! 1.1) + RV E(B ! V )host, (1)

where Mzp represents the mean absolute magnitude, corrected
for the reddening in the Milky Way and the host galaxy, and
normalized to !m15 = 1.1. For the HV and Normal SNe Ia, one
obtains

Normal :" = 0.77 ± 0.06, RV = 2.36 ± 0.07,

Mzp = !19.26 ± 0.02, N = 83, ! = 0.123; (2)

HV :" = 0.75 ± 0.11, RV = 1.58 ± 0.07,

Mzp = !19.28 ± 0.03, N = 42, ! = 0.128. (3)

The improved solutions are quite close to the provisional values.
The resulting M

V
max–!m15 relation does not show a significant

difference between the HV and Normal groups, and both slopes
are found to be in accord with that adopted in the earlier analysis.

After accounting for the dependence on the two variables
!m15 and E(B ! V )host, we find the luminosity scatter to be
0.128 mag for the HV group and 0.123 mag for the Normal
one. A two-component fit to these two groups having different
values of RV yields a luminosity scatter 0.125 mag. Assuming

9 SN 2006lf was excluded from the fit. After correction for the Galactic
reddening E(B ! V )Gal = 0.97 mag with RV = 3.1, the V-band luminosity is
found to be higher than that of the typical SN Ia by about 0.7 mag, possibly
indicating a large uncertainty in the correction for Galactic reddening.
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Figure 2: Light-curve shape corrected peak abso-
lute magnitude as a function of measured color
excess for HV (red circles) and Normal (blue
squares) SNe Ia. Objects with larger redden-
ing are fainter because of host-galaxy extinc-
tion, with the lines representing the reddening
law for each sample. The groups have the same
slope, and thus reddening law, but are o!set by
0.08 mag in color, indicating an intrinsic color
di!erence.

−0.2 0.0 0.2 0.4 0.6 0.8
Bmax−Vmax (mag)

0.0

0.2

0.4

0.6

0.8

1.0

Fr
ac

tio
n

Normal SNe Ia
High−Velocity SNe Ia
Shifted High−Velocity SNe Ia

Figure 3: CDFs for the B!V color at maximum
brightness for HV (red dotted line) and Normal
(blue solid line) SNe Ia. There is a clear o!set
between the samples, but shifting the HV sample
blueward by 0.08 mag (red dashed line) makes the
two samples nearly indistinguishable, especially
for B ! V < 0.2 mag.

There are several additional investigations related to this e!ect that should occur over the next
several years. My initial analysis is relatively basic, showing the existence and potential of this new
relationship. The next step is to incorporate this relationship into sophisticated distance estimators,
which currently rely only on light-curve data. We must also examine current data sets (of which I
have access to the massive Berkeley and CfA low-z data sets consisting of hundreds of objects and
thousands of spectra) to see if other features and/or spectral properties correlate with ejecta velocity
and intrinsic color. Additionally, we must explore if this correlation is truly bimodal or if intrinsic
color varies smoothly with ejecta velocity. Since the Si II line is relatively red, it can only be seen to
z " 0.4 until it is redshifted beyond optical wavelengths (otherwise, NIR observations are necessary).
If a bluer line shows a similar correlation, we can easily extend our analysis to higher redshifts. A full
cosmological analysis using all available data is clearly a goal, but to do this properly, we must lay the
ground work of the above studies.

I have access to SDSS-II, ESSENCE, and PS1 data. I have received Magellan time for 2011A to
obtain spectra of high-z PS1 SNe with the express purpose of measuring vSi II. This pilot program
can be expanded using Magellan, the MMT, and LBT. Additional, high-quality data are required to
verify this result at high-z; however, a significant number of high-z SNe already have high-quality light
curves and su"cient spectra for an interesting result. I hope to work with Arizona grad students to
use smaller telescopes, which are well suited to observe nearby SNe, as well as Magellan, the MMT,
and LBT observations of SNe to pursue specific projects related to this result. These e!orts should be
critical to the success of the SN Ia component of future SN surveys. These studies will lay the ground
work for future cosmological analyses of SNe Ia with JWST, LSST, and possibly WFIRST. For those
experiments, GMT will be critical for measuring ejecta velocities of very distant (z > 1) SNe Ia.
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dereddened by the Galactic reddening using the full-sky maps
of dust infrared emission (Schlegel et al. 1998).

As can be seen from Figure 3(a), the decline rate of the HV
SNe Ia exhibit a narrower distribution relative to the Normal
group. Although they include events with small !m15, no HV
objects were found at !m15 > 1.6. A similar narrow distribution
is seen in their V-band absolute magnitudes (Figure 3(b)), with
exceptions for a few heavily reddened objects on the faint side.
Restricting the sample to those with Bmax ! Vmax < 0.20 mag,
the mean value of MV

max as well as that of !m15 is found to
be comparable for the HV and Normal SNe Ia. Despite these
similarities, the Bmax ! Vmax colors of the two groups show
noticeable differences (see Figure 3(c)), with the average value
of the HV group being redder by " 0.08 mag. This difference
increases to 0.10 mag by further restricting the subsamples to
those with 1.0 ! !m15 ! 1.5. In addition, the frequency of the
Normal SNe Ia at the bluer end (Bmax ! Vmax <0) is obviously
higher than that of the HV objects, e.g., 42.7% versus 14.5%.
This indicates that the HV SNe Ia may preferentially occur in
dusty environments, or they have intrinsically red colors (see the
discussion in Section 4). On the other hand, the morphological
distributions of the host galaxies for these two groups do not
show significant differences, perhaps suggesting that the color
differences might not be caused by dust on large scales.

Although our analysis involves a large sample, we caution that
the distributions of the above observables may suffer from an ob-
servational bias inherited in the observed sample. Further studies
will be needed to determine whether this is indeed the case.

3.2. Dust Absorption and Luminosity Standardization

Dust absorption may be one of the main uncertainties in
the brightness corrections of SNe Ia, depending not only on
knowledge of the reddening E(B !V ) but also on the properties
of the dust. Infrared photometry, together with optical data,
would set better constraints on RV (defined to be AV /E(B !V ))
on an object-by-object basis, but it was not available for most of
our sample. Given the sample size, we attempt to quantify the
average extinction ratio RV for SNe Ia in a statistical way.

With the known empirical relations between the intrinsic
colors and the decline rate !m15 (Wang et al. 2009), we derive
the reddening for our sample from the Bmax!Vmax color and that
measured at 12 days past the B maximum (Wang et al. 2005).
To maintain consistency in our reddening determination, we did
not use the tail color (Phillips et al. 1999) or the color at t =
35 day after B maximum (Jha et al. 2007) owing to the possible
abnormal color evolution of HV SNe Ia in the nebular phase
(W08a). The host-galaxy reddening E(B ! V )host was taken to
be the weighted average of the determinations by the above two
methods, and the negative values were kept as measured. We
note, however, that part of the reddening derived for the HV
objects would be biased if their intrinsic color–!m15 relations
were different from those defined by the normal ones. Thus,
the inferred value of RV for them (discussed below) may not
represent the true extinction ratio.

In Figure 4, the absolute peak magnitudes MV
max, corrected for

the dependence on !m15 using a relation derived from the low-
reddening subsample, is plotted versus E(B ! V )host. One can
see that the HV group follows a relation significantly different
from that for the Normal group. Assuming that the correlation
is governed by dust absorption, the effective RV values for these
two groups are 1.57 ± 0.08 (HV) and 2.36 ± 0.09 (Normal).
The objects with z < 0.010 but without Cepheid distances were

Figure 4. !m15-corrected absolute V mag at maximum brightness vs. the host-
galaxy reddening. The filled symbols are SNe with z ! 0.01 or Cepheid-based
distances, and the open symbols are nearby objects that were not included in
the fit. The two solid lines show the best-fit RV for SNe in the HV and Normal
groups, with dotted lines indicating 2! uncertainties. The dashed line represents
the Milky Way reddening law.

not included in the fit.9 We note that SN 1996ai and SN 2003cg
may have RV close to 1.9, perhaps due to abnormal interstellar
dust, although their distances have large uncertainties. It is not
clear whether they are outliers, or a low RV value is common
for extremely reddened SNe Ia. Nevertheless, the slopes of the
fits to the HV and Normal SNe Ia are still clearly different even
if all the events with E(B ! V )host > 0.50 mag are excluded.

The corresponding regression of MV
max with two variables,

!m15 and E(B ! V )host, takes the form

MV
max = Mzp + "(!m15 ! 1.1) + RV E(B ! V )host, (1)

where Mzp represents the mean absolute magnitude, corrected
for the reddening in the Milky Way and the host galaxy, and
normalized to !m15 = 1.1. For the HV and Normal SNe Ia, one
obtains

Normal :" = 0.77 ± 0.06, RV = 2.36 ± 0.07,

Mzp = !19.26 ± 0.02, N = 83, ! = 0.123; (2)

HV :" = 0.75 ± 0.11, RV = 1.58 ± 0.07,

Mzp = !19.28 ± 0.03, N = 42, ! = 0.128. (3)

The improved solutions are quite close to the provisional values.
The resulting MV

max–!m15 relation does not show a significant
difference between the HV and Normal groups, and both slopes
are found to be in accord with that adopted in the earlier analysis.

After accounting for the dependence on the two variables
!m15 and E(B ! V )host, we find the luminosity scatter to be
0.128 mag for the HV group and 0.123 mag for the Normal
one. A two-component fit to these two groups having different
values of RV yields a luminosity scatter 0.125 mag. Assuming

9 SN 2006lf was excluded from the fit. After correction for the Galactic
reddening E(B ! V )Gal = 0.97 mag with RV = 3.1, the V-band luminosity is
found to be higher than that of the typical SN Ia by about 0.7 mag, possibly
indicating a large uncertainty in the correction for Galactic reddening.
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dereddened by the Galactic reddening using the full-sky maps
of dust infrared emission (Schlegel et al. 1998).

As can be seen from Figure 3(a), the decline rate of the HV
SNe Ia exhibit a narrower distribution relative to the Normal
group. Although they include events with small !m15, no HV
objects were found at !m15 > 1.6. A similar narrow distribution
is seen in their V-band absolute magnitudes (Figure 3(b)), with
exceptions for a few heavily reddened objects on the faint side.
Restricting the sample to those with Bmax ! Vmax < 0.20 mag,
the mean value of M
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be comparable for the HV and Normal SNe Ia. Despite these
similarities, the Bmax ! Vmax colors of the two groups show
noticeable differences (see Figure 3(c)), with the average value
of the HV group being redder by " 0.08 mag. This difference
increases to 0.10 mag by further restricting the subsamples to
those with 1.0 ! !m15 ! 1.5. In addition, the frequency of the
Normal SNe Ia at the bluer end (Bmax ! Vmax <0) is obviously
higher than that of the HV objects, e.g., 42.7% versus 14.5%.
This indicates that the HV SNe Ia may preferentially occur in
dusty environments, or they have intrinsically red colors (see the
discussion in Section 4). On the other hand, the morphological
distributions of the host galaxies for these two groups do not
show significant differences, perhaps suggesting that the color
differences might not be caused by dust on large scales.

Although our analysis involves a large sample, we caution that
the distributions of the above observables may suffer from an ob-
servational bias inherited in the observed sample. Further studies
will be needed to determine whether this is indeed the case.

3.2. Dust Absorption and Luminosity Standardization

Dust absorption may be one of the main uncertainties in
the brightness corrections of SNe Ia, depending not only on
knowledge of the reddening E(B !V ) but also on the properties
of the dust. Infrared photometry, together with optical data,
would set better constraints on RV (defined to be AV /E(B !V ))
on an object-by-object basis, but it was not available for most of
our sample. Given the sample size, we attempt to quantify the
average extinction ratio RV for SNe Ia in a statistical way.

With the known empirical relations between the intrinsic
colors and the decline rate !m15 (Wang et al. 2009), we derive
the reddening for our sample from the Bmax!Vmax color and that
measured at 12 days past the B maximum (Wang et al. 2005).
To maintain consistency in our reddening determination, we did
not use the tail color (Phillips et al. 1999) or the color at t =
35 day after B maximum (Jha et al. 2007) owing to the possible
abnormal color evolution of HV SNe Ia in the nebular phase
(W08a). The host-galaxy reddening E(B ! V )host was taken to
be the weighted average of the determinations by the above two
methods, and the negative values were kept as measured. We
note, however, that part of the reddening derived for the HV
objects would be biased if their intrinsic color–!m15 relations
were different from those defined by the normal ones. Thus,
the inferred value of RV for them (discussed below) may not
represent the true extinction ratio.

In Figure 4, the absolute peak magnitudes M
V
max, corrected for

the dependence on !m15 using a relation derived from the low-
reddening subsample, is plotted versus E(B ! V )host. One can
see that the HV group follows a relation significantly different
from that for the Normal group. Assuming that the correlation
is governed by dust absorption, the effective RV values for these
two groups are 1.57 ± 0.08 (HV) and 2.36 ± 0.09 (Normal).
The objects with z < 0.010 but without Cepheid distances were

Figure 4. !m15-corrected absolute V mag at maximum brightness vs. the host-
galaxy reddening. The filled symbols are SNe with z ! 0.01 or Cepheid-based
distances, and the open symbols are nearby objects that were not included in
the fit. The two solid lines show the best-fit RV for SNe in the HV and Normal
groups, with dotted lines indicating 2! uncertainties. The dashed line represents
the Milky Way reddening law.

not included in the fit.9 We note that SN 1996ai and SN 2003cg
may have RV close to 1.9, perhaps due to abnormal interstellar
dust, although their distances have large uncertainties. It is not
clear whether they are outliers, or a low RV value is common
for extremely reddened SNe Ia. Nevertheless, the slopes of the
fits to the HV and Normal SNe Ia are still clearly different even
if all the events with E(B ! V )host > 0.50 mag are excluded.

The corresponding regression of M
V
max with two variables,

!m15 and E(B ! V )host, takes the form

M
V
max = Mzp + "(!m15 ! 1.1) + RV E(B ! V )host, (1)

where Mzp represents the mean absolute magnitude, corrected
for the reddening in the Milky Way and the host galaxy, and
normalized to !m15 = 1.1. For the HV and Normal SNe Ia, one
obtains

Normal :" = 0.77 ± 0.06, RV = 2.36 ± 0.07,

Mzp = !19.26 ± 0.02, N = 83, ! = 0.123; (2)

HV :" = 0.75 ± 0.11, RV = 1.58 ± 0.07,

Mzp = !19.28 ± 0.03, N = 42, ! = 0.128. (3)

The improved solutions are quite close to the provisional values.
The resulting M

V
max–!m15 relation does not show a significant

difference between the HV and Normal groups, and both slopes
are found to be in accord with that adopted in the earlier analysis.

After accounting for the dependence on the two variables
!m15 and E(B ! V )host, we find the luminosity scatter to be
0.128 mag for the HV group and 0.123 mag for the Normal
one. A two-component fit to these two groups having different
values of RV yields a luminosity scatter 0.125 mag. Assuming

9 SN 2006lf was excluded from the fit. After correction for the Galactic
reddening E(B ! V )Gal = 0.97 mag with RV = 3.1, the V-band luminosity is
found to be higher than that of the typical SN Ia by about 0.7 mag, possibly
indicating a large uncertainty in the correction for Galactic reddening.
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those lines, and gradually scattered redward where lower opacities allow them to escape. The UV is
crucial to the formation of the optical SED of SN Ia (Sauer et al., 2008) and extremely sensitive to
both the progenitor composition and explosion mechanism. High-z SNe Ia appear to have excess UV
flux relative to low-z SNe Ia, possibly caused by a change in metallicity with redshift (Foley et al.,
2012b). This result is further evidence that cosmological analyses should avoid the rest-frame UV.

Using Swift and HST, I have amassed UV spectra of several low-z SNe Ia. These data have already
constrained progenitor composition and explosion models (Foley et al., 2012a,c), however, my current
analysis has been for a small set of individual SNe. Over the next few years, I should have a large
enough sample to constrain the possible range of SN Ia progenitor and explosion models, which can
further improve SN Ia distance measurements.
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Figure 1: Maximum-light Si II velocity as a function of
Bmax ! Vmax for the Foley et al. (2011) (black crosses),
Blueshifted (blue circles), and Redshifted (red squares), sam-
ples. The solid line is the velocity-color relation (Foley et al.,
2011). The empty black circles indicate SNe Ia with detected
variable Na D. Progenitor systems (statistically) with out-
flows (Blueshifted) tend to have higher velocities and redder
colors than those without outflows (Redshifted).

The best way to examine the nature of a
large sample of SN Ia progenitor systems is to
use the SN itself as a back light, and search for
signatures of the companion star in the SN spec-
trum. High-resolution spectroscopy has revealed
evidence for circumstellar gas in the form of time-
variable Na D absorption. The observations sug-
gest that the Na D lines reacted to the initial UV
flash and subsequent decay of the SN ionizing ra-
diation; the varying absorption must come from
gas that is close to the SN. The distance, mass,
and velocity of the absorbing gas is consistent
with a stellar wind from a red giant companion to
the SN progenitor WD. These observations pro-
vide some of the strongest observational support
for the single degenerate SN Ia progenitor model.

Further observations show that we can study
circumstellar material without variability infor-
mation. Our SN Ia sample contains far more
SNe with blueshifted absorption features than
redshifted features (Sternberg et al., 2011). If
the absorbing gas is from the host galaxy rather
than the SN system, we would expect equal num-
bers. I also discovered that SNe with blueshifted absorption are, on average, redder and have larger
ejecta velocities (Foley et al., 2012d, Fig. 1). This is the first observational connection between
the progenitor system of a SN Ia and the resulting explosion; SNe Ia from di!erent progenitor
systems have di!erent observational properties. I plan to continue these observations using MIKE and
MagE (to probe fainter, more distant SNe) on Magellan, Hectochelle on MMT, and possibly PEPSI
on LBT to constrain the fraction of SNe Ia from each progenitor channel and determine how other
observables, in particular luminosity and Hubble residuals, relate to SN progenitor systems.

The Velocity-Color Relation: In the optical, there is a clear relation between luminosity and
light-curve shape (the “width-luminosity” relation; Phillips, 1993) that standardizes SN Ia luminosities
and provides the precise distances necessary to make cosmological measurements. For almost two
decades, the SN community searched for a “second parameter” to improve SN Ia distances beyond
those determined with only the width-luminosity relation.

I recently discovered this second parameter. While SN Ia ejecta velocity and light-curve
shape are uncorrelated, there is a linear relation between ejecta velocity and intrinsic color (Foley
& Kasen, 2011; Foley et al., 2011; Foley, 2012, Figures 2 and 3), with higher-velocity SNe Ia being
intrinsically redder. Current techniques for measuring SN Ia distances assume that all SNe Ia with
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Fig. 11.— Left panel: v0
Ca H&K

for the v0
Ca H&K

high-redshift sample of SNe Ia as a function of host-galaxy mass. The size of the
symbols is inversely proportional to the size of the uncertainties. The best-fit linear model to the data is shown as a solid line. Right panel:
v0
Ca H&K

histograms for the high-redshift SNe Ia hosted in galaxies with masses above/below 1010 M! (red/blue histograms).

tion 2, the velocity o!set corresponds to an intrinsic color
o!set of 0.009 mag. If this is incorrectly attributed to
dust, it would correspond to an error in a distance esti-
mate of 0.018 to 0.027 mag for 2 ! RV ! 3.1.

There is no significant relation between v0
Si II and host-

galaxy mass for our sample. Since v0
Ca H&K is strongly

correlated with intrinsic color and potentially correlated
with host-galaxy mass, one might expect that intrinsic
color and host-galaxy mass are correlated. We performed
this analysis on the full Conley et al. (2011) sample and
find no significant correlation.

5. DISCUSSION & CONCLUSIONS

Using the high-redshift sample, we identified 40 and 54
high-redshift SNe Ia with appropriate light-curve shapes,
spectral phases, and spectral data quality to measure the
maximum-light Ca H&K and Si II !6355 ejecta veloci-
ties (v0

Ca H&K and v0
Si II), respectively. We compare the

distributions of ejecta velocity for the high-redshift sam-
ple to the distributions of the low-redshift FSK11 sam-
ple, finding no statistically significant di!erence in the
distributions for the two samples. We measure the in-
trinsic Bmax " Vmax pseudo-color for the high-redshift
sample. The ejecta velocity is highly correlated with
(Bmax " Vmax)0, such that SNe Ia with higher ejecta ve-
locity tend to be redder. This is similar to what has
been shown for the low-redshift sample (FK11; FSK11).
We compare ejecta velocity to host-galaxy mass, finding

a slight trend between the quantities such that SNe Ia
hosted in lower-mass galaxies tend to have higher ejecta
velocities than those hosted in higher-mass galaxies. The
significance of this relation is still low, and future studies
should examine this relation further.

A larger data set is required to determine if the aver-
age SN Ia ejecta velocity changes with redshift. This is
particularly true for v0

Si II, which is hampered by its rela-
tively red wavelength. Near-infrared spectroscopy could
increase the sample of SNe Ia with v0

Si II measurements
at high redshift.

The confirmation of the velocity-color relation at high
redshift is an important step towards better cosmologi-
cal measurements. Although the velocity-color relation
a!ects some light-curve properties (Ganeshalingam et al.
2011; Cartier et al. 2011), it is still unclear if one can infer
the ejecta velocity or intrinsic color of SNe Ia from their
light curves alone. Therefore, the most precise SN Ia dis-
tance measurements at all redshifts continue to require
spectroscopy.

The asymmetric explosion model suggests that the dis-
tribution of measured ejecta velocities can be explained
by asymmetric explosions and viewing explosions from
di!erent viewing angles (Maeda et al. 2010; Foley &
Kasen 2011). If this model is correct, our measured
distribution of ejecta velocities for low and high-redshift
SNe Ia indicate that approximately the same amount of
asymmetry is present at low and high redshifts, further

Foley 2012b

2.4 σ Result
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Fig. 1. Relations between the Si II velocity of SNe Ia and the birth location in their host galaxies. (A) The Si II velocity obtained 
around B-band maximum light (v0

Si II, ordinate) as compared to the fractional radial distance in the host galaxy (RSN/Rgal, 
abscissa) for 165 SNe Ia. The Branch-normal SNe Ia with v0

Si II ���������NP�Ví� (HV group), those with v0
Si II < 12,000 km sí� 

(NV group), SN 1991T-like SNe, and SN 1991bg-like SNe are shown by red triangles, blue dots, purple stars, and dark-gray 
squares, respectively. The SNe Ia in spiral and elliptical/lenticular galaxies are represented with filled and open symbols, 
respectively. The gray quadrangles show the radial distances averaged in binned velocity space, which are 0.63 ±0.08 in 
9,000-12,000 km sí�, 0.42 ± 0.06 in 12,000-14,000 km sí�, and 0.34 ±0.06 in 14,000-16,000  km sí�, respectively. The 
horizontal and vertical dashed lines mark the place with vSi II = 12,000 km sí� and with RSN/Rgal = 0.7. (B) The number 
distribution of the fractional radial distance. The red and blue areas are for the HV and NV groups of SNe Ia. The purple and 
dark-gray areas are for the SN 1991T-like and SN 1991bg-like SNe Ia. c, The number distribution of near-maximum-light Si II 
velocity. A double Gaussian function is used to fit the distribution of 123 Branch-normal (HV + NV) SNe Ia. Red and blue curves 
are for the high-velocity and normal-velocity components, with respective peaks centered at 13,000 km sí� and 10,800 km sí�. 
The black curve represents the combined result of these two components. 
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Fig. 2. A plot of the cumulative fraction of our SN samples (HV SNe Ia, NV SNe Ia, SNe II, and SNe Ibc). The gray solid curve 

represents the distribution of SNe Ia with vSi II > 13,000 km s
í�

. 

Fig. 3. Histogram distribution of the fractional flux of the host-galaxy light at the location of SN explosions in the uƍ��OHIW�SDQHO���
gƍ��PLGGOH�SDQHO���DQG�rƍ��ULJKW�SDQHO��EDQGV��7KH�GLDJRQDO�EODFN�OLQHV�UHSUHVHQW�WKH�FDVH�WKDW�WKH�61�SURJHQLWRUV�IROORZ�H[DFWOy 

the distribution of galaxy light. 
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Fig. 4. A comparison of the physical sizes (B-band light radius at 25 mag arcsecí� isophote) and absolute K-band magnitude 
GLVWULEXWLRQV�RI�WKH�61�KRVWV��7KHVH�WZR�SDUDPHWHUV�KDYH�EHHQ�GHULYHG�E\�DGRSWLQJ��m = 0.2����ȁ = 0.73, and H0 = 73 km sí� 
Mpcí� (37). Foreground Galactic absorption corrections (38) have been applied to the absolute magnitudes. In the main panel, 
the high-velocity SN Ia hosts are represented as red triangles, and the normal-velocity SN Ia hosts as blue dots. The absolute 
magnitudes of the hosts are shown on the abscissa, and the lengths of the semimajor axes of the hosts on the ordinate. The 
plot is then projected onto the two side panels where a histogram is displayed for each host population in each of the 
dimensions, absolute magnitude and semimajor axis. 
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23,500, vneb, 1,000 km s21, while all HVG supernovae should be
in the range 1,000, vneb, 3,500 km s21. These ranges are shown as
arrows in Fig. 2, and provide a good match to the observations.

Figure 4a shows an example of a hydrodynamic model in which the
thermonuclear sparks were ignited off-centre in a Chandrasekhar-
mass white dwarf 6 (an alternative way of introducing global asym-
metries is double detonations in sub-Chandrasekhar-mass white
dwarfs20). Although this model has not been fine-tuned to reproduce
the present finding, it does have the required generic features. The
density distribution is shallow and extends to high velocity in the
direction opposite to the initial sparks (Fig. 4b). Initially, the pho-
tosphere is at high velocity if viewed from this direction, as the region
at the outer, highest velocities is still opaque. Later on, the photosphere
recedes inwards faster in this opposite direction, owing to the shal-
lower density gradient. As a result, the supernova looks like an LVG if
viewed from the offset direction, but like anHVG supernova from the
opposite direction (Fig. 4c), as in our proposed picture (Fig. 3).

Our finding provides not only strong support for the asymmetric
explosion as a generic feature, but also constraints on the still-
debated deflagration-to-detonation transition. In this particular
simulation, the change in appearance (as an HVG or an LVG super-
nova) takes place rather abruptly around the viewing direction of
,140u. Owing to the offset ignition, the deflagration flame propa-
gates asymmetrically and forms an off-centre, shell-like region of
high-density deflagration ash. The detonation is ignited at an offset
following the deflagration, but tries to expand almost isotropically.
However, the angle between 0u and 140u is covered by the deflag-
ration ash, into which the strong detonation wave (fuelled by the
unburned material near the centre of the white dwarf) cannot pen-
etrate. On the other hand, in the 140–180u direction, the detonation
can expand freely, creating a shallow density distribution. The
‘abrupt’ change in appearance, as inferred by the observational data,
is therefore a direct consequence of the offset models, controlled by
the distribution of the deflagration ash. The ‘opening angle’ of the
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Figure 1 | Comparison between HVG type Ia SN 2002bo and LVG type Ia
SN 1998bu. The decline-rate parameter Dm15(B) is 1.16mag and 1.06mag
for SN 2002bo and SN 1998bu, respectively. a, The B-band light curves17,24.
The magnitudes for SN 1998bu have been artificially shifted in the
y-direction for presentation. b, Si II 6,355 Å at different epochs17,24 (in days
with respect to B-band maximum). SN 2002bo had initially a larger
absorption velocity than SN 1998bu, but later its velocity approached that of
SN 1998bu. The velocity evolved quicker and the velocity gradient ( _vvSi) is
larger for SN 2002bo than for SN 1998bu. c, [Fe II] 7,155 Å and [Ni II] 7,378 Å
in late-time spectra21,25. The horizontal axis denotes the line velocity
measured from the rest wavelength of [Ni II] 7,378 Å. The rest wavelengths of

[Fe II] 7,155 Å and [Ni II] 7,378 Å are marked by dashed lines. These lines are
red-shifted in SN 2002bo while being blue-shifted in SN 1998bu. The
wavelength shift indicates the line-of-sight velocity of the deflagration ashes
(vneb) (vneb, 0 km s21, that is, the blue-shift, if the material is moving
towards us). These are the strongest lines among those emitted from the
deflagration ash according to the previous analysis of late-time emission
lines19. Indeed, there are stronger lines which do not showDoppler shifts, for
example, [Fe III] 4,701 Å; they however do not trace the distribution of the
deflagration ash19 (see also Supplementary Information section 1) and are
thus not useful in the present study.

Figure 2 | Relations between the features in early and late phases. a, Early-
phase velocity gradient ( _vvSi, vertical axis) as compared to late-phase
emission-line shift velocity (vneb, horizontal axis) for 20 type Ia supernovae.
The errors are for 1s in fitting the velocity evolution for _vvSi, while for vneb the
errors are from differences in measurement between different emission lines
(see Supplementary Information section 1). LVG supernovae and HVG
supernovae are shown by green squares andmagenta circles, respectively. SN
1986G and SN 2007on are classified as ‘faint and fast-declining’ type Ia
supernovae26–28 (black open circles). SN 2004dt (orange square) is an HVG
supernova according to the value of _vvSi, but displayed peculiarities in the
late-time spectrum29 (Supplementary Information section 1) and in
polarization measurements22 (Supplementary Information section 2), and
the value for _vvSi is exceptionally large compared to other HVG supernovae.
These suggest that SN 2004dt is an outlier, and the origin of its large _vvSi is
probably different from that of other type Ia supernovae. The two arrows on
top indicate the regions where HVG and LVG supernovae are expected,
based on a simple kinematic interpretation (see main text). b, Number
distribution of 20 supernovae as a function of _vvSi.White and orange areas are
for faint supernovae and SN 2004dt. The remaining supernovae are marked
depending on whether they show a blue-shift (vneb, 0 km s21: blue area) or
red-shift (vneb. 0 km s21: red area) in their late-time spectra. c, Number
distribution of 20 supernovae as a function of vneb.
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Metallicity Changes 56Ni Yield

Timmes et al. 2003
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Fig. 1.—Mass of 56Ni ejected by SNe Ia as a function of the initial metallicity
Z. Shown is the linear relation (solid curve; the curvature is from the loga-
rithmic abscissa) of eq. (6) for , a sequence of W7-22X( Ne) p 0.024(Z/Z ),

like models (short-dashed curve), and the calculation of DHS01 for 1.5 M,

progenitors (long-dashed curve). Other progenitor masses in the DHS01 survey
display the same trend with Z. As indicated by the arrows, a scatter of 3 about
the mean in Z of the main-sequence stars that produce white dwarfs leads to
a variation of about 25% (0.13 M,) of 56Ni ejected if the metals are uniformly
distributed within the white dwarf. A factor of 7 scatter about the mean in the
initial metallicity corresponds to a factor of 2 variation in .56M( Ni)

works relied on postprocessing the thermodynamical trajec-
tories, as we have done. Recently, DHS01 investigated the
range 10!10 to 0.02 Z,. Of the one-dimensional calculations
just mentioned, only this one accounts for the effect of Ye on
the energy generation rate. The long-dashed curve in Figure 1
shows the DHS01 results for their 1.5 M, progenitors; other
progenitor masses in their survey display the same trend with
Z. Our analytical result and postprocessed W7-like models es-
sentially agree with the findings of DHS01 over the range of
metallicities common to all three calculations. As is evident in
Figure 1, the largest variation in the mass of 56Ni occurs at

. We note that the calculations of DHS01 evolve a main-Z 1 Z,

sequence star into the SNe Ia progenitor, whereas our calcu-
lation and those of Iwamoto et al. (1999) start from a given
white dwarf configuration.
As a caveat, we note that our postprocessing of the W7

thermodynamic trajectories is not completely self-consistent.
The reason is that the temperature and density profiles of the
W7 were calculated using the energy released by burningmatter
of solar Z. While Z is likely to influence the flame propagation
(via the change in the rate of energy production; Hix & Thiele-
mann 1996, 1999), in the mass range under consideration Si-
burning is complete, so our assumption of NSE still holds.
Indeed, Domı́nguez & Höflich (2000) found that the mass of
56Ni synthesized was also rather insensitive to the details of
the flame microphysics. It is also possible that the density, rtr,
at which a transition from deflagration to detonation occurs,
will influence the amount of 56Ni produced (Höflich, Khokhlov,
& Wheeler 1995 and references therein). Fits to observations
seem to require, however, that , which cor-7 !3r ! 10 g cmtr
responds to a Lagrangian mass coordinate of "1.0 M,, which
is exterior to the main 56Ni-producing layers. Further numerical
studies should elucidate the source of the discrepancy. In par-
ticular, they should determine if other effects, such as a sys-
tematic change in the mass coordinates where most of the 56Ni
is produced, offset or enhance the variation in that we56M( Ni)

find. The demonstrated linear dependence between and56M( Ni)
Z will make it easier to untangle competing physical effects in
a fully self-consistent calculation.

3. SCATTER IN THE INITIAL METALLICITY AND THE
INDUCED BRIGHTNESS VARIATIONS

Stellar abundance determinations are discussed in terms of
an elemental abundance relative to iron, [X/Fe], as a function
of the iron-to-hydrogen [Fe/H] ratio, primarily because [Fe/H]
is relatively easy to measure in stars. The [Fe/H] ratio represents
a chronometer in that the accumulation of iron in the ISM
increases monotonically with time (Wheeler, Sneden, & Truran
1989). Calibration of [Fe/H] as a function of time forms the
basis of the age-metallicity relationship.
The Z of local field stars rapidly increased about 10–13 Gyr

ago during formation of the Galaxy’s disk and then increased
much more gradually over the last "10 Gyr (Twarog 1980;
Edvardsson et al. 1993; Feltzing, Holmberg, & Hurley 2001).
More importantly for our purposes, however, is the relatively
large scatter in stellar metallicities, , at any givenD[Fe/H] " 0.5
age. Feltzing et al. (2001) constructed an age-metallicity dia-
gram for 5828 dwarf and subdwarf stars from the Hipparcos
Catalog using evolutionary tracks to derive ages and Strömgren
photometry to derive metallicities. They concluded that the age-
metallicity diagram is well populated at all ages, that old metal-
rich stars do exist, and that the scatter in Z at any given age
is larger than the observational errors. Other surveys of stellar
metallicities (Edvardsson et al. 1993; Chen et al. 2000) are in
good agreement with these trends.
The most abundant elements in the Galaxy after H and He

are CNO. Both [C/Fe] and [N/Fe] in halo and disk dwarfs are
observed to be roughly solar and constant (Laird 1985; Carbon
et al. 1987; Wheeler et al. 1989). The [O/Fe] ratio is larger at
low metallicities—oxygen being the dominant element ejected
by SNe II—and then slowly decreases because of variations in
mass and Z (Gratton 1985; Peterson, Kurucz, & Carney 1990;
Timmes, Woosley, & Weaver 1995). Within these general trends
is a relatively large scatter, D[C/Fe] " D[N/Fe] " D[O/Fe] "

, at any given [Fe/H].0.5 dex
According to the simple analytical relation (eq. [5]) and the

detailed W7-like models (Fig. 1), a scatter of a factor of 3 about
the mean in the initial metallicity ( ) leads to1 Z ! Z ! 3 Z, ,3
a variation of about 25% (0.13 M,) in the mass of 56Ni ejected
by SNe Ia if the 22Ne and 56Fe are uniformly distributed within
the white dwarf. The minimum peak brightness variations
caused by this variation in 56Ni mass are (PintoFDM F ! 0.2V

& Eastman 2001). Thus, the amplitude of this effect cannot
account for all of the observed variation in peak luminosity of
local SNe Ia (0.5 mag in B and V ). The observed scatter in
peak brightnesses may be even larger, as Cepheid-based dis-
tances to the host galaxies of peculiar events such as sub-
luminous SN 1991bg or brighter-than-normal SN 1991T have
not been measured yet (Saha et al. 1999; Contardo, Leibundgut,
& Vacca 2000; Leibundgut 2000). There is evidence for a larger
scatter when more distant SNe are included (Hamuy et al. 1996;
Riess et al. 1998). It would take a scatter of about a factor of
7 ( ) in the initial Z to account for a factorD[Fe/H] " 0.8 dex
of 2 variation in the 56Ni mass and peak luminosity.

4. IMPLICATIONS AND SUMMARY

Using the properties of NSE, we find that where weak in-
teractions are unimportant, the mass fraction of 56Ni produced
depends linearly on the initial metallicity of the white dwarf
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Figure 2. The position of the models on the brightness–decline rate dia-

gram. The ridge line is the locus of the Calan–Tololo SNe (Hamuy et al.

1996a), shifted for H 0 = 72 km s!1 Mpc!1, and the dashed lines are the 1!

dispersion.

computed "m 15(V ) rather than "m 20(V ), the value measured by

Hamuy et al. (1996b), because the position of the photosphere would

be even more uncertain at a later epoch. The values of "m 15(V )

for our model set (Table 2) compare well with those of observed

SNe Ia (Hamuy et al. 1996b, table 1). Since "m 15(B) and "m 20(V )

are observationally very well correlated (Hamuy et al. 1996b), the

agreement between our computed values of "m 15(V ) and the ob-

served ones supports our hypothesis that "m 15(B) does also not

change significantly with R.

Our calculations confirm that SNe with constant total NSE con-

tent but (58Ni + 54Fe)/56Ni ratios that are varying within the range

suggested by Timmes et al. (2003) span a range of "0.25 mag in

peak brightness. However, they have similar V- and B-band decline

rates. If SNe with a variable R do exist, they would show a scatter

in the peak magnitude–decline rate diagram comparable to the ob-

served one. This is illustrated in Fig. 2, where we plot the location

of our models in this diagram and the spread of observed SN prop-

erties: our models are able to reproduce both the brightness–decline

relation and the observed scatter. This suggests that R may be one

of the most important parameters responsible for the dispersion in

the brightness–decline rate relation.

More accurate pre-SN calculations and detailed explosion mod-

els may be able to determine the value and range of the ratio

(58Ni + 54Fe)/56Ni depending on the properties of the progenitor

white dwarf such as metallicity or age (cf. Lesaffre et al. 2006). At

the same time, it will be important to verify the observable effect

the ratio has on the observable properties of a SN Ia with more

accurate radiative transfer calculations. Quantifying the effect and

correcting for this may ultimately lead to a reduction of the scatter

in the peak brightness–decline rate relation. A way to separate the

first and the second parameter for nearby SNe could be the follow-

ing. On the one hand, the mass of 56Ni can be derived from the late

light-curves, when the SN brightness is more directly sensitive to

# -ray and positron deposition. On the other hand, nebular spectra

could be used to obtain information on both the mass of 56Ni and

that of non-radioactive Fe-group isotopes.
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Metallicity Changes UV, Not Optical
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FIG. 8.ÈModels with various metallicities in C]O layer at 15 days
after explosion. Labels are the same as Fig. 1.

FIG. 9.ÈExpansion of blue regions of Fig. 8

FIG. 10.ÈExpansion of near-infrared region of Fig. 8

calculated without any other line opacities, Ca II forms a
pair of features. The blue Ca II absorption forms from the
j3727 line, and the red absorption forms from the H]K
lines. The Si II feature falls on the peak between the two
Ca II absorptions. As the Si II feature strengthens, the Ñux
displaced by its absorption ““ !lls in ÏÏ the Ca II H]K
absorption, creating a ““ split.ÏÏ With enough Si II only the
blue absorption feature remains, while the red feature
becomes an inÑection. The lack of a split in some SNe Ia
indicates that either the Si II feature is weaker or the Ca II

H]K is stronger, preventing the formation of a split. This
helps to illustrate that in supernovae of all types, features
are often the result of more than one multiplet, or even ionic
species.

The Si II feature at 6150 (Fig. 5c) shows much smaller,A!
but still signi!cant, e†ects due to C]O metallicity. The
blue edges are parallel and the red edges nearly so. The
depth contrast is now much smaller than before. This is
strong evidence that the feature is forming primarily below
the C]O layer at this epoch. Figure 10 shows the displace-
ment of oxygen by metals in the O I lines at 7450, 8100, and
8250 the latter two of which are superimposed on theA! ,
stronger Ca II ““ IR triplet ÏÏ which, like the H]K absorp-
tion, forms in the calcium-rich incomplete burning zone and
is una†ected by the C]O metallicity.

3.4. Day 20
Our grid of synthetic spectra of W7 on day 20, approx-

imately maximum B-magnitude, with C]O metallicity
variations (Fig. 11) shows the continuing reduction in
importance of the C]O layer metallicity as the atmosphere
becomes more optically thin. The UV pseudocontinuum
and feature shift e†ects are still strong. The only remaining
features which display C]O layer metallicity e†ects in the
optical (Fig. 12) are the Ca II H]K, the 4250 (Fe II, Mg II,A!
and Si III), and 6150 Si II features. As at day 15, the ““ CaA!
split ÏÏ remains, the blue component increasing in strength
and the red component decreasing with increasing C]O
metallicity. The Si II feature at 6150 (Fig. 5d) now showsA!
parallel edges (both blue and red) for the various C]O
layer metallicities. The relatively small changes in the line

FIG. 11.ÈModels with various metallicities in C]O layer at 20 days
after explosion. Labels are the same as Fig. 1.
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Fig. 1.— Spectra of SNe 2011by (blue) and 2011fe (black). The left and right panels show the same spectra, but with logarithmic and
linear flux scales, respectively, and slightly di!erent wavelength ranges.
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Fig. 2.— Spectra of SNe 2011by (red) dereddened by AV =
0.5 mag and RV = 3.1 and 2011fe (black).

the Ti abundance can significantly depress the flux at
2700–3700 Å. Presumably a lower temperature, which
increases the Ti II abundance, will produce a similar
e!ect. Therefore, we attribute the di!erences between
SNe 2011fe and 2011iv in this region to be related to
their di!erent light-curve shapes and thus temperatures.
Walker et al. (2012) created several model SN Ia spec-

tra with di!erent luminosities and varying the mass frac-
tion of elements heavier than Ca by a constant. They
do not examine the spectra at ! < 2500 Å, but they
do study the region where SNe 2011fe and 2011iv di!er.
They find that at a fixed luminosity the flux in that re-
gion decreases with increasing metallicity. They also find
for a fixed metallicity (for metallicities !0.5 Z!), the flux
decreases with decreasing luminosity. Since SNe 2011fe
and 2011iv had quite di!erent luminosities, no di!erence
in metallicity is required to reproduce the di!erences in
their spectra unless they have particularly low metallic-
ity.
Lentz et al. (2000) generated several model SN Ia spec-

tra. Starting with a single W7 model, they changed the
outer-layer metallicity for elements heavier than O by

factors of " = 1/30, 1/10, 1/3, 1, and 3. Although this is
not a complete treatment of how metallicity a!ects the
spectra of SNe Ia, the models provide some predictions
for short wavelengths.
By producing flux-ratio spectra, we mostly avoid dif-

ferent spectral features between the data and models re-
sulting from the specific luminosity and density structure
of the model. Flux-ratio spectra focus on the di!erences
between models, which is metallicity for the Lentz et al.
(2000) models. The flux ratios of models with the same
ratio of metallicity factors (i.e., comparing the " = 1/30
and 1/3 models and the " = 1/10 and 1 models) all have
roughly the same shape and amplitude. This means that
the flux-ratio spectra, in principle, can determine dif-
ferences in metallicity even if the absolute metallicity is
not well determined. For each ratio of metallicity factors
("1/"2 = 1/3, 1/10, 1/30, and 1/100), we produced an
average flux-ratio spectrum and present the spectra in
Figure 4. Although the flux ratios remove some of the
uncertainties from the models, more detailed models are
required to produce more precise results.
The model flux-ratio spectra are all approximately 1

(i.e., the individual spectra are similar) for ! > 2500 Å.
Blueward of 2500 Å, the lower metallicity models have
a UV excess relative to the higher metallicity models.
Moreover, the flux excess increases with larger di!erences
in metallicity. For a metallicity factor ratio of 1/3, the
flux di!erence is relatively small and less than 40% dif-
ferent at all wavelengths examined.
Some Lentz et al. (2000) flux-ratio spectra roughly

match the SN 2011fe/SN 2011by flux-ratio spectrum.
Ascribing the di!erences in the UV spectra to di!erences
in progenitor metallicity, the progenitor of SN 2011by
had a higher metallicity than that of SN 2011fe. If
the Lentz et al. (2000) models accurately reproduce
the change in UV continuum for a given di!erence in
metallicity, the progenitor of SN 2011by had >30 times
the metal abundance for elements heavier than O than
SN 2011fe. This can be written as

[O/Fe]11by " [O/Fe]11fe + 1.5. (1)

The SN 2011fe/SN 2011iv flux-ratio spectrum is close
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Fig. 2.— BVRI light curves of SNe 2011by (Silverman et al. 2013,
squares and points) and 2011fe (Richmond & Smith 2012, circles)
with o!sets noted. Both SNe have been corrected for Galactic
extinction. SN 2011by has been shifted by !2.91 mag, to match
the apparent peak magnitudes of SN 2011fe, which corresponds
to a peak absolute magnitude di!erence of 0.6 mag. The black
points are the raw SN 2011by light curves. The squares are the
result of shifting the time of maximum B brightness by +1 day and
stretching the light curve by a factor of 0.95, consistent with the
di!erence in light-curve shape. Any di!erences between the light
curves can be attributed to inaccurate times of maximum, slightly
di!erent light-curve shapes, and slightly di!erent filter responses
(Stritzinger et al. 2002).

Comparing the flux-ratio spectrum of SNe 2011by and
2011fe to model flux-ratio spectra, we determined that
SN 2011by had a higher metallicity with ![O/Fe] ! 1.5.
The SNe had peak absolute magnitudes that di"ered by
!0.6 mag, which corresponds to a ratio in their 56Ni
masses of 1.7+0.7

!0.5; the largest contribution to the uncer-
tainty is from the distance to SN 2011by. Given the
relative metallicity di"erence and 56Ni mass ratio, we es-
timate that the progenitors of SNe 2011by and 2011fe
had supersolar and subsolar metallicities, respectively.
Improved modeling will be necessary to accurately and
precisely measure progenitor metallicities.
SNe 2011by and 2011fe were hosted by Sbc and

Scd galaxies which have gas-phase metallicities of 12 +
log(O/H) = 8.97 and 9.12 from SDSS spectra (Prieto
et al. 2008), respectively. However, Bresolin (2007),
performing a more detailed analysis of M101, found a
metallicity of 8.93. Using the Bresolin (2007) metallicity
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Fig. 3.— Maximum-light spectra of SNe 2011by (red) dereddened
by AV = 0.5 mag and RV = 3.1 and 2011fe (black).
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Fig. 4.— (Top) Maximum-light spectra of SNe 2011by (blue)
and 2011fe (black). (Bottom) Flux-ratio spectra for these SNe in
black. Overplotted are the average flux-ratio spectra of the Lentz
et al. (2000) ! = 15 day spectra, with di!erences in the metallicity
factors, ", labeled.

and metallicity gradient, Stoll et al. (2011) determined
that M101 had a metallicity of 8.45 at the position of
SN 2011fe. A similar measurement must be made for
SN 2011by, but taken at face value, the progenitor sites
of the two SNe could di"er in metallicity by !0.5 and in
the direction we found from the SNe. The metallicity at
the radius of the SN may roughly indicate the progenitor
metallicity.
There are three other reported measurements for SN Ia

progenitor metallicity, but there is no di"erential metal-
licity measurement similar to what we have presented
here. On the face of it, Taubenberger et al. (2008) found
that the progenitor of SN 2005bl, a low-luminosity SN Ia,
had subsolar metallicity based on the strength of optical
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Fig. 1.— Spectra of SNe 2011by (blue) and 2011fe (black). The left and right panels show the same spectra, but with logarithmic and
linear flux scales, respectively, and slightly di!erent wavelength ranges.

2000 4000 6000 8000
Rest Wavelength (Å)

0.5

1.0

1.5

2.0

2.5

3.0

R
el

at
iv

e 
lo

g(
f λ

)

SN 2011fe
SN 2011by
AV=0.5 mag

Fig. 2.— Spectra of SNe 2011by (red) dereddened by AV =
0.5 mag and RV = 3.1 and 2011fe (black).

the Ti abundance can significantly depress the flux at
2700–3700 Å. Presumably a lower temperature, which
increases the Ti II abundance, will produce a similar
e!ect. Therefore, we attribute the di!erences between
SNe 2011fe and 2011iv in this region to be related to
their di!erent light-curve shapes and thus temperatures.
Walker et al. (2012) created several model SN Ia spec-

tra with di!erent luminosities and varying the mass frac-
tion of elements heavier than Ca by a constant. They
do not examine the spectra at ! < 2500 Å, but they
do study the region where SNe 2011fe and 2011iv di!er.
They find that at a fixed luminosity the flux in that re-
gion decreases with increasing metallicity. They also find
for a fixed metallicity (for metallicities !0.5 Z!), the flux
decreases with decreasing luminosity. Since SNe 2011fe
and 2011iv had quite di!erent luminosities, no di!erence
in metallicity is required to reproduce the di!erences in
their spectra unless they have particularly low metallic-
ity.
Lentz et al. (2000) generated several model SN Ia spec-

tra. Starting with a single W7 model, they changed the
outer-layer metallicity for elements heavier than O by

factors of " = 1/30, 1/10, 1/3, 1, and 3. Although this is
not a complete treatment of how metallicity a!ects the
spectra of SNe Ia, the models provide some predictions
for short wavelengths.
By producing flux-ratio spectra, we mostly avoid dif-

ferent spectral features between the data and models re-
sulting from the specific luminosity and density structure
of the model. Flux-ratio spectra focus on the di!erences
between models, which is metallicity for the Lentz et al.
(2000) models. The flux ratios of models with the same
ratio of metallicity factors (i.e., comparing the " = 1/30
and 1/3 models and the " = 1/10 and 1 models) all have
roughly the same shape and amplitude. This means that
the flux-ratio spectra, in principle, can determine dif-
ferences in metallicity even if the absolute metallicity is
not well determined. For each ratio of metallicity factors
("1/"2 = 1/3, 1/10, 1/30, and 1/100), we produced an
average flux-ratio spectrum and present the spectra in
Figure 4. Although the flux ratios remove some of the
uncertainties from the models, more detailed models are
required to produce more precise results.
The model flux-ratio spectra are all approximately 1

(i.e., the individual spectra are similar) for ! > 2500 Å.
Blueward of 2500 Å, the lower metallicity models have
a UV excess relative to the higher metallicity models.
Moreover, the flux excess increases with larger di!erences
in metallicity. For a metallicity factor ratio of 1/3, the
flux di!erence is relatively small and less than 40% dif-
ferent at all wavelengths examined.
Some Lentz et al. (2000) flux-ratio spectra roughly

match the SN 2011fe/SN 2011by flux-ratio spectrum.
Ascribing the di!erences in the UV spectra to di!erences
in progenitor metallicity, the progenitor of SN 2011by
had a higher metallicity than that of SN 2011fe. If
the Lentz et al. (2000) models accurately reproduce
the change in UV continuum for a given di!erence in
metallicity, the progenitor of SN 2011by had >30 times
the metal abundance for elements heavier than O than
SN 2011fe. This can be written as

[O/Fe]11by " [O/Fe]11fe + 1.5. (1)

The SN 2011fe/SN 2011iv flux-ratio spectrum is close
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