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SNe Ia Are Standardizable Candles

Hicken et al. 2009
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Figure 1. Hubble diagram and residuals for the Constitution sample fit by SALT.
The bottom panel shows the new CfA3 SN Ia in red and the Union sample in
black. The residuals are with respect to a universe without dark energy, ΩM

= 0.27 and ΩΛ= 0. The best-fit cosmology is plotted in the residuals panels. The
large scatter at high redshift is one of the main weaknesses of the conventional
approach to calculating distance moduli from the SALT light-curve fits.
(A color version of this figure is available in the online journal.)

Figure 2. Hubble diagram and residuals for MLCS17. The new CfA3 points
are shown in red and the OLD and High-z points are in black. MLCS17 (and
MLCS31) has a smaller dispersion at high redshift than SALT (and SALT2).
The nearby MLCS17 distances are larger than in SALT, making the High-z
distances smaller relative to a matter-only universe and resulting in a greater
value of 1 + w. This effect is seen in how the MLCS17 best-fit cosmology line
is closer to the axis.
(A color version of this figure is available in the online journal.)

Figure 3. Contour plots of ΩΛ vs. ΩM for 1 + w = 0 for SALT, with
no assumptions about flatness. The concordance cosmology (ΩΛ= 0.73,
ΩM = 0.27) is shown as a dot. The top panel shows how adding the CfA3
sample considerably narrows the contours along the ΩΛ axis. The bottom panel
shows the combination of the SN contours with the BAO prior, with the flat-
universe straight line overplotted for reference.
(A color version of this figure is available in the online journal.)

when the CfA3 sample is added. Adding the BAO prior gives
ΩΛ= 0.718+0.062

−0.056 and ΩM= 0.281+0.037
−0.016.

Regarding 1 + w, as described in Section 2.1, the SALT
fits on the Union sample, combined with the BAO prior,
give 1 + w = −0.011+0.078

−0.080, with 57 nearby and 250 High-
z SN Ia used. When we only use the 90 CfA3 objects that
pass the Union cuts with the 250 High-z SN Ia then we get
1 + w = −0.002+0.073

−0.075. The CfA3 sample, after applying the
Union cuts, is 1.58 times larger than the Union nearby sample.
When we combine the 90 CfA3 SN Ia with the 57 OLD and 250
High-z Union SN Ia sample to form the Constitution sample
we get 1 + w = 0.013+0.066

−0.068. This decreases the uncertainty in
1 + w by a factor of 1.19, when comparing with the Union-only
value. This effect can be seen in the reduction in the width of
the contours along the w-axis in Figure 4.

We now address the reduction in statistical uncertainty on
1 + w due to adding new nearby SN Ia. We compare this with
a

√
N approximation of the expected reduction in statistical

uncertainty. In comparing K08 with WV07, the statistical
uncertainty on 1 + w is reduced from 0.09 in WV07 to 0.079
(averaging the two error bars) in K08 when the same SN+BAO
fits are compared. This reduces the 0.09 uncertainty by a factor
of 1.14. K08 attribute half the improvement to their eight new
SN. This would be a factor of 1.07. K08 say that if, instead
of having zero systematic or intrinsic uncertainty, their eight

σ = 0.18 mag
(9% in distance)

Constraints on 
nature of dark 
energy:

w = 1 ± 0.08 
(stat + sys)

Equal stat and 
sys errors
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Velocity Gradient

L140 WANG ET AL. Vol. 699

Table 1
Observed Parameters of the SN Ia Samplea

SN v3K/220(km s−1) MV
max(mag) ∆mb

15(mag) Bmax − Vmax(mag) E(B − V )host(mag) T(RC3) SN Type

1981Bc 1179 −18.96(0.15) 1.11(0.10) 0.04(0.06) 0.17(0.07) 4 HV
1983G 1497 −18.90(0.45) 1.30(0.10) 0.17(0.10) 0.23(0.09) −2 HV
1984A 1179 −18.91(0.57) 1.20(0.10) 0.16(0.08) 0.26(0.08) 1 HV
1989A 2756 −19.17(0.25) 1.05(0.10) 0.10(0.10) 0.23(0.09) 4 HV
1989B† 549 −18.15(0.15) 1.35(0.05) 0.32(0.07) 0.39(0.05) 3 N
1990N† 1179 −19.09(0.14) 1.05(0.05) 0.00(0.05) 0.11(0.04) 4 N
1994ae† 1575 −19.35(0.15) 0.89(0.05) −0.05(0.05) 0.04(0.04) 5 N
1994D 1179 −19.26(0.57) 1.31(0.05) −0.08(0.05) −0.04(0.04) −2 N
1995D 2129 −19.18(0.31) 1.02(0.05) −0.02(0.05) 0.09(0.04) −1 N
1995E 3496 −17.48(0.19) 1.17(0.07) 0.70(0.05) 0.78(0.05) 3 N
· · · · · · · · · · · · . . . . . . · · · · · ·

Notes.
a Uncertainties are 1σ . See the text for a discussion of recession velocities. Host-galaxy “T” types are from RC3.
b The ∆m15 value has been corrected for the reddening effect (Phillips et al. 1999).
c SN Ia with Cepheid distance.

(This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding its form and
content.)

SNe Ia. B05 distinguished SNe Ia having a high Si ii temporal
velocity gradient (HVG) from those with a low Si ii temporal ve-
locity gradient (LVG). However, relatively few objects have the
multi-epoch spectra (covering phases from maximum bright-
ness to a few weeks thereafter) necessary for measurement of
such a velocity gradient. As the HVG SNe Ia generally have
faster expansion velocities than the LVG ones, we may nomi-
nally divide the SN Ia sample into “Normal” and “HV” groups
according to the observed velocity of Si ii λ6355.

Based on the Si ii velocity distribution of 10 well observed
Normal SNe Ia,8 we derive their mean velocity from t = −12
day to +30 day. The evolution of the mean velocity is shown in
Figure 1, where the gray area indicates 1σ uncertainty obtained
through Monte Carlo simulations. After maximum brightness,
the velocity evolves nearly in a linear fashion, with a gradient of
about 40 km s−1 day−1 and a typical scatter ∼±400 km s−1. The
large scatter shown before t ≈ −7 day is caused by detached
HV features at the earliest epochs. In comparison with the
lower velocity and homogeneous distribution seen in the Normal
SNe Ia, the expansion velocities of the HV SNe Ia are higher
but more scattered, with a faster decay. The highest contrast
in the Si ii velocity between these two groups occurs within
one week from the maximum brightness. After t ≈ +7 day,
the velocities of some HV SNe Ia are comparable to those of
the Normal ones. We thus use the velocity measured within one
week from the maximum to subclassify our sample; the value
obtained with the spectrum closer to B maximum is adopted
when multi-epoch measurements are available. By applying a
3σ selection criterion, 55 of the 158 objects were identified as
HV SNe Ia. We note that there is no sharp division between
these two groups when the velocity approaches a lower value
(see also Figure 2), so blending could occur to some extent.

2.2. Equivalent Width of Si ii λ6355

An alternative way to quantify the diversity of SNe Ia is
through the line-strength ratio (e.g., Nugent et al. 1995) or the
EW of some features (e.g., Hachinger et al. 2006). Based on the
EW of the absorption near Si ii λ5972 and Si ii λ6355, Branch

8 The sample includes SNe 1989B, 1994D, 1997dt, 1998aq, 1998bu, 1999ee,
2003cg, 2003du, 2004eo, and 2005cf (Barbon et al. 1990; Patat et al. 1996;
M08; Branch et al. 2003; Hamuy et al. 2002; Elias-Rosa et al. 2006; Stanishev
et al. 2007; Pastorello et al. 2007; Garavini et al. 2007; Wang et al. 2009).

Figure 1. Temporal evolution of the expansion velocity inferred from the
blueshift of the Si ii λ6355 absorption minimum. The solid line shows the
mean evolution obtained from 10 well-observed Normal SNe Ia, and the gray
region represents the 1σ uncertainty; the dashed and dotted lines illustrate the
evolution of the mean velocity for SN 1991T-like and SN 1991bg-like events,
respectively (the data sources are M08 and S09). Overplotted is part of the
HV sample, while SN 2002er may be a transitional object linking the HV and
Normal groups.

et al. (2006, 2009) suggest dividing the SN Ia sample into four
groups: cool (CL), shallow silicon (SS), core normal (CN), and
broad line (BL); their CL and SS groups consist mainly of
peculiar events such as SN 1991bg and SN 1991T, respectively.
Compared with the Branch CN SNe Ia, our definition of the
Normal sample is wider, while their BL objects overlap well
with our HV sample.

Figure 2 shows a plot of the EW versus the velocity of Si ii
λ6355 absorption, obtained for SNe Ia with spectra near B
maximum. One can see that the Si ii absorption is generally
strong in the HV subclass, typically with EW ! 100 Å, and the
strength of the absorption correlates with the expansion velocity.
In principle, strong absorption at high velocity can be caused
by an enhancement of abundance or density in the outermost
layers, perhaps due to an extended burning front (B05) or an

Wang et al. 2009
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Velocity Gradient

2.2. Premaximum Evolution of R(Si ii )

Figure 2 shows the premaximum evolution of R(Si ii) for
our sample of SNe Ia. Interestingly, the HVG SNe Ia for which
very early observations are available show a dramatic tempo-
ral evolution of R(Si ii), starting from a high value well before
maximum and leveling out just before maximum, as was the
case for SN 2002bo (Benetti et al. 2004). On the other hand, the
LVG SNe show on average either no evolution in R(Si ii) be-
fore maximum or an evolution in the opposite sense in the case
of SN 1990N. Clearly, the number of SNe Ia for which very
early spectra are available is still too small to draw definite con-
clusions, but it is worth speculating on a possible interpretation.

Since R(Si ii) is related to the photospheric temperature of
the ejecta (Nugent et al. 1995), the curves in Figure 2 should
trace the temperature evolution in the line-forming regions be-
fore maximum light. HVG SNe seem to start at cooler temper-
atures, which then increase approaching maximum. LVG SNe,
on the other hand, have high temperatures already well before
maximum. This may be related to the fact that LVG SNe have
lower expansion velocities, especially before maximum, and
are also hotter.

2.3. R(Si ii )max versus !m15(B)

In Figure 3a, the value of R(Si ii)max measured for each
SN Ia at maximum light is plotted against!m15(B). SNe in both
the FAINTand HVG groups seem to follow the relation between
R(Si ii)max and !m15(B) established by Nugent et al. (1995).
LVG SNe, on the other hand, are more scattered in this plot,
especially at the bright, slow end. Either they do not conform
with the R(Si ii)max!!m15(B) relation, or they define a new,
looser one.

The scatter of LVG SNe in Figure 3a, especially at low
!m15(B), suggests that another physical parameter besides the
temperature is needed to describe their behavior. Garnavich et al.
(2004), using SYNOW synthetic spectra, tentatively suggest that

Fig. 2.—Premaximum temporal evolution of the R(Si ii) parameter for our sample of SNe Ia. Symbols are as in Fig. 1. [See the electronic edition of the Journal
for a color version of this figure.]

Fig. 3.—(a)!m15(B) vs.R(Si ii)max for the SNe of our sample. (b)!m15(B)
vs. v̇ of Si ii k6355. Open symbols show LVG SNe, filled symbols show HVG
SNe, and starred symbols show FAINT SNe. [See the electronic edition of the
Journal for a color version of this figure.]

BENETTI ET AL.1014 Vol. 623

Benetti et al. 2005
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Table 1
Observed Parameters of the SN Ia Samplea

SN v3K/220(km s−1) MV
max(mag) ∆mb

15(mag) Bmax − Vmax(mag) E(B − V )host(mag) T(RC3) SN Type

1981Bc 1179 −18.96(0.15) 1.11(0.10) 0.04(0.06) 0.17(0.07) 4 HV
1983G 1497 −18.90(0.45) 1.30(0.10) 0.17(0.10) 0.23(0.09) −2 HV
1984A 1179 −18.91(0.57) 1.20(0.10) 0.16(0.08) 0.26(0.08) 1 HV
1989A 2756 −19.17(0.25) 1.05(0.10) 0.10(0.10) 0.23(0.09) 4 HV
1989B† 549 −18.15(0.15) 1.35(0.05) 0.32(0.07) 0.39(0.05) 3 N
1990N† 1179 −19.09(0.14) 1.05(0.05) 0.00(0.05) 0.11(0.04) 4 N
1994ae† 1575 −19.35(0.15) 0.89(0.05) −0.05(0.05) 0.04(0.04) 5 N
1994D 1179 −19.26(0.57) 1.31(0.05) −0.08(0.05) −0.04(0.04) −2 N
1995D 2129 −19.18(0.31) 1.02(0.05) −0.02(0.05) 0.09(0.04) −1 N
1995E 3496 −17.48(0.19) 1.17(0.07) 0.70(0.05) 0.78(0.05) 3 N
· · · · · · · · · · · · . . . . . . · · · · · ·

Notes.
a Uncertainties are 1σ . See the text for a discussion of recession velocities. Host-galaxy “T” types are from RC3.
b The ∆m15 value has been corrected for the reddening effect (Phillips et al. 1999).
c SN Ia with Cepheid distance.

(This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding its form and
content.)

SNe Ia. B05 distinguished SNe Ia having a high Si ii temporal
velocity gradient (HVG) from those with a low Si ii temporal ve-
locity gradient (LVG). However, relatively few objects have the
multi-epoch spectra (covering phases from maximum bright-
ness to a few weeks thereafter) necessary for measurement of
such a velocity gradient. As the HVG SNe Ia generally have
faster expansion velocities than the LVG ones, we may nomi-
nally divide the SN Ia sample into “Normal” and “HV” groups
according to the observed velocity of Si ii λ6355.

Based on the Si ii velocity distribution of 10 well observed
Normal SNe Ia,8 we derive their mean velocity from t = −12
day to +30 day. The evolution of the mean velocity is shown in
Figure 1, where the gray area indicates 1σ uncertainty obtained
through Monte Carlo simulations. After maximum brightness,
the velocity evolves nearly in a linear fashion, with a gradient of
about 40 km s−1 day−1 and a typical scatter ∼±400 km s−1. The
large scatter shown before t ≈ −7 day is caused by detached
HV features at the earliest epochs. In comparison with the
lower velocity and homogeneous distribution seen in the Normal
SNe Ia, the expansion velocities of the HV SNe Ia are higher
but more scattered, with a faster decay. The highest contrast
in the Si ii velocity between these two groups occurs within
one week from the maximum brightness. After t ≈ +7 day,
the velocities of some HV SNe Ia are comparable to those of
the Normal ones. We thus use the velocity measured within one
week from the maximum to subclassify our sample; the value
obtained with the spectrum closer to B maximum is adopted
when multi-epoch measurements are available. By applying a
3σ selection criterion, 55 of the 158 objects were identified as
HV SNe Ia. We note that there is no sharp division between
these two groups when the velocity approaches a lower value
(see also Figure 2), so blending could occur to some extent.

2.2. Equivalent Width of Si ii λ6355

An alternative way to quantify the diversity of SNe Ia is
through the line-strength ratio (e.g., Nugent et al. 1995) or the
EW of some features (e.g., Hachinger et al. 2006). Based on the
EW of the absorption near Si ii λ5972 and Si ii λ6355, Branch

8 The sample includes SNe 1989B, 1994D, 1997dt, 1998aq, 1998bu, 1999ee,
2003cg, 2003du, 2004eo, and 2005cf (Barbon et al. 1990; Patat et al. 1996;
M08; Branch et al. 2003; Hamuy et al. 2002; Elias-Rosa et al. 2006; Stanishev
et al. 2007; Pastorello et al. 2007; Garavini et al. 2007; Wang et al. 2009).

Figure 1. Temporal evolution of the expansion velocity inferred from the
blueshift of the Si ii λ6355 absorption minimum. The solid line shows the
mean evolution obtained from 10 well-observed Normal SNe Ia, and the gray
region represents the 1σ uncertainty; the dashed and dotted lines illustrate the
evolution of the mean velocity for SN 1991T-like and SN 1991bg-like events,
respectively (the data sources are M08 and S09). Overplotted is part of the
HV sample, while SN 2002er may be a transitional object linking the HV and
Normal groups.

et al. (2006, 2009) suggest dividing the SN Ia sample into four
groups: cool (CL), shallow silicon (SS), core normal (CN), and
broad line (BL); their CL and SS groups consist mainly of
peculiar events such as SN 1991bg and SN 1991T, respectively.
Compared with the Branch CN SNe Ia, our definition of the
Normal sample is wider, while their BL objects overlap well
with our HV sample.

Figure 2 shows a plot of the EW versus the velocity of Si ii
λ6355 absorption, obtained for SNe Ia with spectra near B
maximum. One can see that the Si ii absorption is generally
strong in the HV subclass, typically with EW ! 100 Å, and the
strength of the absorption correlates with the expansion velocity.
In principle, strong absorption at high velocity can be caused
by an enhancement of abundance or density in the outermost
layers, perhaps due to an extended burning front (B05) or an

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 2σ 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 + α(∆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 :α = 0.77 ± 0.06, RV = 2.36 ± 0.07,

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

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

Mzp = −19.28 ± 0.03, N = 42, σ = 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 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 2σ 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 + α(∆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 :α = 0.77 ± 0.06, RV = 2.36 ± 0.07,

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

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

Mzp = −19.28 ± 0.03, N = 42, σ = 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

V
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
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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 2σ 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 + α(∆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 :α = 0.77 ± 0.06, RV = 2.36 ± 0.07,

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

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

Mzp = −19.28 ± 0.03, N = 42, σ = 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

V
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
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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 2σ 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 + α(∆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 :α = 0.77 ± 0.06, RV = 2.36 ± 0.07,

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

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

Mzp = −19.28 ± 0.03, N = 42, σ = 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
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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
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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 offset by
0.08 mag in color, indicating an intrinsic color
difference.
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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 offset
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 effect 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 sufficient 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 efforts 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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two samples nearly indistinguishable, especially
for B − V < 0.2 mag.

There are several additional investigations related to this effect 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 sufficient 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 efforts 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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(blue solid line) SNe Ia. There is a clear offset
between the samples, but shifting the HV sample
blueward by 0.08 mag (red dashed line) makes the
two samples nearly indistinguishable, especially
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There are several additional investigations related to this effect 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 sufficient 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 efforts 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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Fig. 4.— Same as Figure 2, except data are plotted as a function
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displayed. The top panel shows the raw data, while the bottom
panel displays the same data with the High-Velocity subsample
shifted by Bmax − Vmax = −0.06 mag.
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overall offset in the two populations.
Another way to examine the effect of shifting the data

is by examining the cumulative distribution functions
(CDFs) for the subsamples. The CDFs for both sub-
samples are presented in Figure 5. Clearly, there is a
dearth of blue SNe Ia in the High-Velocity subsample,
with 26% of the Normal subsample being bluer than the
bluest High-Velocity SN Ia. However, the overall shape
of the CDFs for the Normal and High-Velocity subsam-
ples are similar. After shifting the High-Velocity sub-
sample by −0.07 mag, the CDFs are very similar except
perhaps for the reddest part of the sample where dust
extinction must be the dominant source of color differ-
ences. A simple Kolmogorov-Smirnov (K-S) test shows
that there is a 0.65% chance that the Normal and High-
Velocity objects have the same parent population. The
Normal and shifted High-Velocity subsamples have a K-S
probability of 99.99%, which does not mean that the sub-
samples have the same probability (especially since the
High-Velocity colors were arbitrarily shifted by a fixed
amount), but does show the outstanding agreement in
the two subsamples’ CDFs after the shift. The value of
−0.07 mag was chosen to maximize the K-S probability,
but values of −0.06 and −0.08 mag yield values of 73.07
and 98.96%, respectively.

As discussed in W09, the offset in maximum-light col-
ors is likely the result of either different amounts of dust
or intrinsically different colors. If the offset is primar-
ily from dust, then the subsamples must have intrin-
sically different light-curve shape-corrected peak lumi-
nosities. Additionally, for the CDFs to have the same
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Fig. 5.— Bmax − Vmax CDF for the Normal (blue solid line),
raw High-Velocity (red dotted line), and High-Velocity shifted by
−0.07 mag (red dashed line) subsamples. All SNe Ia shown here
have 1 ≤ ∆m15(B) ≤ 1.5 mag.
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shape, but be offset in color, the High-Velocity SNe Ia
must have an additional amount of dust corresponding
to E(B−V )host ≈ 0.07 mag for all values of Bmax−Vmax.
Alternatively, a difference in intrinsic color accounts for
the offset in the CDFs and does not require a difference
in the light-curve shape-corrected peak luminosities for
the two subsamples. The lack of High-Velocity SNe Ia
with colors as blue as the bluest Normal SNe Ia is addi-
tional evidence that there is almost certainly an intrinsic
color difference.

2.4. Properly Measuring RV for a Sample of
Supernovae

Several groups have noted that the Hubble residuals of
SNe Ia are minimized by choosing a very low (and poten-
tially unphysical) value of RV (e.g., Tripp 1998; Astier
et al. 2006; Guy et al. 2007; Conley et al. 2007; Kessler
et al. 2009; Hicken et al. 2009b; Amanullah et al. 2010).
The methods vary in detail, but all are essentially equiv-
alent to fitting a line to the data in a plot like Figure 1
or 2. If SNe Ia have intrinsically different colors, this
method ignores critical information.

An example of this problem is shown in Figure 2. We
fit the entire sample of SNe Ia with E(B − V )host ≤
0.35 mag from W09 with a single line. Since the Normal
subsample has bluer objects for the same MV than the
High-Velocity subsample, this process will naturally re-
duce the slope of the fit — effectively reducing the value
of RV . Where both the Normal and High-Velocity sub-
samples are best-fit with RV = 2.50 separately, combined
they are best fit by RV = 2.21 ± 0.21.

If one properly separates these groups, the situation
becomes the same as described in Section 2.2. This
clearly affects the distances measured in previous cos-
mological analyses and should be accounted for in the
future.

2.5. Improvement to Measured Distances
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they are best fit by RV = 2.21 ± 0.21.
If one properly separates these groups, the situation

becomes the same as described in Section 2.2. This
clearly affects the distances measured in previous cos-
mological analyses and should be accounted for in the
future.

2.5. Improvement to Measured Distances

W09 noted that using a different value of RV for the
two subsamples would reduce the scatter of Hubble resid-
uals for their sample. However, as Section 2.2 showed,
the two subsamples have similar values of RV if the ex-
tremely reddened SNe Ia are excluded, and it is not clear
that two values of RV is particularly useful for cosmo-
logical samples. In this section, we examine how the
Hubble scatter is affected by separating the SNe Ia into
two groups based on their ejecta velocity.

Figure 6 presents the weighted residual scatter, defined
as

(

∑
(

∆µ2/σ2
)

∑

(1/σ2)

)1/2

, (2)

where ∆µ and σ are the Hubble residual the uncer-
tainty of the distance modulus for a given SN Ia, respec-
tively, for different samples as a function of maximum
Bmax − Vmax color. In the figure, the full sample (with
1 ≤ ∆m15(B) ≤ 1.5 mag) is represented by the black
lines, while the Normal and High-Velocity subsamples
are represented by blue squares and red circles, respec-
tively. The fits which generate the black dotted line as-
sume a single intrinsic color for the entire sample, and
allow Mzp and RV to vary for each maximum value of
Bmax − Vmax. This is the approach that has normally
been used in cosmological analyses. To determine the
scatter for the other samples, all parameters were fixed
for all maximum values of Bmax −Vmax, and only a color
offset between the Normal and High-Velocity SNe Ia was
applied.

For Bmax − Vmax ≤ 1 mag, the scatter is consistently
improved by using two intrinsic colors. For SNe Ia with
Bmax − Vmax ≤ 0.2 mag (corresponding to E(B − V ) !
0.3 mag and AV ! 0.7 mag), the scatter decreases from
0.190 mag to 0.130 mag by adopting this method. Fur-
thermore, the Normal subsample has a scatter of only
0.109 mag for this color cut. This is better visualized in
Figure 7, where only a subset of the data from Figure 6
is plotted.

Increasing the maximum color increases the scatter
of the High-Velocity subsample, but the scatter of the
Normal subsample remains constant for all color ranges.
This is a consequence of the Normal subsample having a
single value for RV for all colors while the High-Velocity
SNe Ia have a significantly different value for RV depend-
ing on the maximum color (see Section 2.2 and Figure 3).
This, in turn, increases the scatter of the full sample for
large values of Bmax − Vmax, even when using different
intrinsic colors for the subsamples. Perhaps counterintu-
itively, the scatter of the full sample with a single intrinsic
color increases as the maximum color is decreases. This
is mostly because the fraction of Normal to High-Velocity
SNe Ia increases with increasing color in our sample.

Despite the relatively small number of High-Velocity
SNe in this sample, it is noteworthy that the Normal
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Fig. 6.— Weighted Hubble residual scatter as a function of
maximum Bmax−Vmax color. The dotted and solid lines represent
the full sample (with 1 ≤ ∆m15(B) ≤ 1.5 mag) assuming a single
intrinsic color and separate intrinsic colors for Normal and High-
Velocity SNe Ia, respectively. The blue squares and red circles
represent the Normal and High-Velocity subsamples, respectively.
Using separate intrinsic colors for the two subsamples significantly
reduces the scatter. Additionally, Normal SNe Ia appear to have
significantly smaller scatter than High-Velocity SNe Ia.
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each sample and method are plotted.
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they are best fit by RV = 2.21 ± 0.21.
If one properly separates these groups, the situation

becomes the same as described in Section 2.2. This
clearly affects the distances measured in previous cos-
mological analyses and should be accounted for in the
future.

2.5. Improvement to Measured Distances

W09 noted that using a different value of RV for the
two subsamples would reduce the scatter of Hubble resid-
uals for their sample. However, as Section 2.2 showed,
the two subsamples have similar values of RV if the ex-
tremely reddened SNe Ia are excluded, and it is not clear
that two values of RV is particularly useful for cosmo-
logical samples. In this section, we examine how the
Hubble scatter is affected by separating the SNe Ia into
two groups based on their ejecta velocity.

Figure 6 presents the weighted residual scatter, defined
as
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where ∆µ and σ are the Hubble residual the uncer-
tainty of the distance modulus for a given SN Ia, respec-
tively, for different samples as a function of maximum
Bmax − Vmax color. In the figure, the full sample (with
1 ≤ ∆m15(B) ≤ 1.5 mag) is represented by the black
lines, while the Normal and High-Velocity subsamples
are represented by blue squares and red circles, respec-
tively. The fits which generate the black dotted line as-
sume a single intrinsic color for the entire sample, and
allow Mzp and RV to vary for each maximum value of
Bmax − Vmax. This is the approach that has normally
been used in cosmological analyses. To determine the
scatter for the other samples, all parameters were fixed
for all maximum values of Bmax −Vmax, and only a color
offset between the Normal and High-Velocity SNe Ia was
applied.

For Bmax − Vmax ≤ 1 mag, the scatter is consistently
improved by using two intrinsic colors. For SNe Ia with
Bmax − Vmax ≤ 0.2 mag (corresponding to E(B − V ) !
0.3 mag and AV ! 0.7 mag), the scatter decreases from
0.190 mag to 0.130 mag by adopting this method. Fur-
thermore, the Normal subsample has a scatter of only
0.109 mag for this color cut. This is better visualized in
Figure 7, where only a subset of the data from Figure 6
is plotted.

Increasing the maximum color increases the scatter
of the High-Velocity subsample, but the scatter of the
Normal subsample remains constant for all color ranges.
This is a consequence of the Normal subsample having a
single value for RV for all colors while the High-Velocity
SNe Ia have a significantly different value for RV depend-
ing on the maximum color (see Section 2.2 and Figure 3).
This, in turn, increases the scatter of the full sample for
large values of Bmax − Vmax, even when using different
intrinsic colors for the subsamples. Perhaps counterintu-
itively, the scatter of the full sample with a single intrinsic
color increases as the maximum color is decreases. This
is mostly because the fraction of Normal to High-Velocity
SNe Ia increases with increasing color in our sample.

Despite the relatively small number of High-Velocity
SNe in this sample, it is noteworthy that the Normal
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Fig. 6.— Weighted Hubble residual scatter as a function of
maximum Bmax−Vmax color. The dotted and solid lines represent
the full sample (with 1 ≤ ∆m15(B) ≤ 1.5 mag) assuming a single
intrinsic color and separate intrinsic colors for Normal and High-
Velocity SNe Ia, respectively. The blue squares and red circles
represent the Normal and High-Velocity subsamples, respectively.
Using separate intrinsic colors for the two subsamples significantly
reduces the scatter. Additionally, Normal SNe Ia appear to have
significantly smaller scatter than High-Velocity SNe Ia.
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(labeled ‘Single’) and separate intrinsic colors (labeled ‘Dual’) for
Normal and High-Velocity objects, respectively. The blue squares
and red circles represent the Normal (labeled ‘N’) and High-
Velocity (labeled ‘HV’) subsamples, respectively. Only the values
for Bmax − Vmax ≤ 0.2, 0.4, 1, and 2 mag (from right to left) for
each sample and method are plotted.
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Asymmetric Explosion?

burner used during the deflagration phase. One expects that, had a
more complete nuclear network been used, a significant amount
of calcium would also be present. Rather than speculate as to that
exact amount of calcium produced, we leave the compositional
structure as is, referring the reader to the studies of Kasen&Plewa
(2005).

Before considering the observable properties of theY12model,
we mention a few limitations of the underlying explosion calcu-
lations. Although no tuning of the model parameters was required
to obtain an explosion, the DFD mechanism itself is subject to
uncertainties regarding the initial conditions, geometrical simpli-
fications, and various numerical limitations. In Paper I, for ex-
ample, a successful shock to detonation transition (SDT) was not
achieved for all ignition configurations considered. This may
indicate a lack of robustness of the underlying explosion mecha-
nism, or may simply be a consequence of the relatively low nu-
merical resolution of the calculations. At low resolution fewer
shocked zones are available for SDT, numerical diffusion is en-
hanced, and as a result the actual postshock temperatures and
densities are underestimated. These factors may artificially de-
crease the probability of SDT. On the other hand, numerical dif-
fusion is a known source of mixing that may lead to artificial

preheating and spurious ignition of fuel (Fryxell et al. 1989).
Although the transitions to detonation reported in Paper I are due
to shock compression in nominally unburned material, the re-
sults are undoubtedly sensitive to possible contamination due to
mixing, whichmay affect the likelihood of SDT. Even if a SDT is
not achieved, it is still possible for a detonation to occur through
the Zeldovich gradient mechanism (Khokhlov et al. 1997) once
the deflagrating material perturbs and mixes with the surface
layers of the star.
After this work has been completed, we became aware of the

recent submission by Röpke et al. (2007; hereafter RWH07),
who discuss several aspects of the DFD scenario and extend it to
3D. RWH07 conduct a parameter study similar to that of Paper I
and confirm the basic scenario described above. However, RWH07
find that the conditions necessary for triggering a detonation are
not realized in any of their 3D models. They conclude that ex-
plosion by the DFD mechanism is in principle possible, but not
robust. One concern over this conclusion is that the mesh reso-
lution used in RWH07 was low—typically about 50 km in 2D
and 100 km or worse in 3D, which poorly compares to the 8 km
mesh resolution used in Paper I. Because both groups use the
same second-order advection scheme, the numerical diffusion in
the two studies differs dramatically (by a factor of 50 in 2D and
even more in their 3D calculations). Although an increase in
numerical diffusion may not affect the evolution on large scales,
it is relevantwhen capturing the small-scale dynamics that directly
participate in flow confinement and transition to detonation. The
results of underresolved studies should thus be interpreted with
great caution. Verification of any numerical model, including our
own, is clearly necessary, and will require a set of carefully de-
signed calculations obtained on meshes with adequate resolution
and incorporating the essential elements of the physical system.
For completeness, we also summarize some more fundamen-

tal simplifications of the DFD explosion model. In particular, we
took the progenitor to be a cold, static, nonrotating, unmagne-
tized, chemically homogeneous white dwarf. Although such a
model is considered ‘‘standard’’ in most modern SN Ia explosion
studies, theoretical work strongly suggests that most of these

Fig. 2.—Final density structure of the Y12 DFD model of a thermonuclear
supernova explosion in the homologous phase (t ¼ 100 s). The density is shown
in log scale. The spatial coordinates can be converted to velocity space using
v(r; t) ¼ 10"7r(t) km s"1. The distributions of 28Si and 40Ca are shown in red and
black contours, respectively. The contour levels correspond to X (28Si) ¼ 0:25
and X (40Ca) ¼ 0:01. The position of the inner IME-rich shell can roughly be iden-
tifiedwith the distribution of 40Ca. Thematerial in the outer silicon-rich region was
produced during the deflagration phase. The lack of calcium in the outer shell is the
result of the simplified nuclear burning method used to calculate the deflagration.
Note the relative smoothness of the inner shell compared to the inhomogeneity of
the outer shell.

Fig. 3.—Density structure (solid lines, in log scale) of the Y12 DFDmodel in
the homologous phase (t ¼ 100 s) shown vs. velocity coordinates. The dashed lines
show the best-fit exponential law !(v) ¼ !0 exp ("v/ve). Left:: Density along the
z-axis (the symmetry axis) at r ¼ 0. The ejecta is more extended for z > 0 (the
ignition side) and characterized by an exponential velocity scale ve ¼ 3290 km s"1.
The ejecta is more compact for z < 0 (the detonation side) with ve ¼ 1900 km s"1.
The peak density is also slightly offset from the expansion center. Right: Density
along the r-axis at z ¼ 0. The density law is characterized by ve ¼ 2575 km s"1.
[See the electronic edition of the Journal for a color version of this figure.]
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Fig. 7.—

.

E0 hosts, respectively. Neither object had indications of
significant reddening. From these objects, we find

E(B − V )true = −0.06 + 1.06E(B − V )host (7)

and

E(B − V )true = 0.03 + 1.02E(B − V )host (8)

for the normal and high-velocity objects, respectively.
With the “true” measurements of E(B − V ), we can

attempt an analysis similar to that of W09 to determine
the relationship between MV

max, ∆m15, and E(B−V ) for
each sample. Using their formalism, we fit Equation 1
to the entire sample and those with E(B − V )true <
0.35 mag both separately for the subsamples and with
them combined finding the parameters listed in Table 1.
We also plot the results in Figure 7.

In Figure 7, we replot the data from W09, except us-
ing the values of E(B − V )true found from the above
relationships. The figure shows that our treatment of
the extinction gives a similar distribution of E(B − V )
for both samples.

The values for Mzp and α are similar for all fits. The
value of RV differs somewhat depending on sample and
restriction on E(B − V ). Unlike what was seen with the
analysis of W09, once we make the separate reddening
measurements for the two samples, separating the ob-
jects does not significantly reduce the scatter in the rela-
tionship. Therefore, the differences between the samples
can be treated as strictly an intrinsic color difference and
not a difference in reddening, especially for objects with
relatively low reddening.

3. ADDITIONAL DATA FROM THE CFA SAMPLE

4. THEORETICAL UNDERSTANDING

4.1. Model Light Curves & Spectra

Using the KP07 models, we seek to further examine the
correlations between various observables with the hope
of understanding the physics behind our emprical find-
ings. KP07 already noted that B − V color evolution
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Fig. 8.— Si II λ6355 (circles) and Ca H&K (squares) velocity as
a function of color for the KP07 model spectra. Each viewing angle
is represented by a different color with the mapping shown by the
color bar at the top. The best-fit lines for each feature are shown as
black solid lines. The dashed line represents the velocity that W09
used to differentiate the normal and high-velocity subsamples. It
also roughly separates the models between viewing angles in the
two hemispheres.

.

and Si II velocity depend on viewing angle. However,
they did not examine the maximum-light values of these
two quantities and their correlation. In Figure 8, we show
the (B − V )max color and Si II velocity at maximum as
a function of viewing angle. The two values are highly
correlated, and a linear fit produces

v = (−11.1 − 28.0(B − V )max) 103 km s−1. (9)

We find a similar relationship for the Ca H&K feature,
with

v = (−17.8 − 22.7(B − V )max) 103 km s−1. (10)

Not surprisingly, the velocity of the Si and Ca features
are highly correlated in the models. However, unlike the
Si II λ6355 feature where we were able to fit the line
profile with a Gaussian to determine the minimum of the
feature, the Ca H&K feature had a very complex profile
for some viewing angles, and we instead simply measured
the velocity from the minimum of the profile. This is not
practical for real data which may have significantly more
noise, but this method still shows the trend of the model.

Kasen & Plewa (2007) showed that there was a small
variation in MB as a function of viewing angle; however,
there is very little variation in MV . Despite this small
variation, ∆m15(B) varied from ∼1.0 to ∼1.4 over all
viewing angles, and it was claimed that this could ac-
count for a large amount of the scatter in the WLR.

Using the spectral models, we reddened the model
spectra using a Cardelli et al. (1989) dust model, sim-
ilar to what was performed in Section 2.4. Light-curve

Silicon
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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 offset by
0.08 mag in color, indicating an intrinsic color
difference.
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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 offset
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 effect 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 sufficient 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 efforts 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.

Foley & Kasen 2011

Two Distinct Groups?

Friday, September 2, 2011



Velocity / Velocity Gradient
SN Ia Velocity and Intrinsic Color 7

       

!10

!12

!14

!16

!18

!20

Si
 II

 V
el

oc
ity

 (1
03  k

m
 s!

1 )

Si II Velocity at Maximum (103 km s!1)
!9 !10 !11 !12 !13 !14 !15 !16

!15 !10 !5 0 5 10 15
Time Relative to Maximum Brightness (days)

!1.5
!1.0
!0.5

0.0
0.5
1.0
1.5

R
es

id
ua

l

    

 

 

 

 

 

 

 10 20 30
Number

 

 

 

 

 

 

 20 40 60 80
Number

 
 
 
 
 
 
 

 

 

 

 

 

 

 

Fig. 1.— Top left: Temporal evolution of Si II λ6355 velocity, vSi II, for the F11 sample of SN Ia with 1 ≤ ∆m15(B) ≤ 1.5 mag.
Measurements for the same SN are connected by solid lines. The vertical dashed lines mark the time interval over which we fit the velocity
evolution. The dotted lines represent a subset of the family of functions that describe the velocity evolution (Equation 2). Each SN is
color-coded based on the estimate of v0

Si II
(using Equation 3) from the measurement closest to t = 0 d. The color bar at the top shows

how the colors correspond to v0
Si II

. SNe with no measurement in −6 ≤ t ≤ 10 d are plotted in black. SNe 2003W and 2004dt are plotted
in black and are excluded from further analysis. Individual measurements from the Circular sample are presented as black points (see
Section 2.2.3). Top right: Histograms of v0

Si II
. The grey histogram is for SNe where we have measured velocities from spectra. The empty

histogram represents SNe 2003W and 2004dt. The black histogram represents the SNe from the Circular sample. The horizontal dashed
line represents the velocity which roughly separated the W09 sample into “Normal” and “High-Velocity” SNe. Bottom-left: Residuals of
v0
Si II

estimates relative to measured velocity within one day of t = 0 d. The dotted horizontal lines represent the standard deviation of
220 km s−1. Bottom-right: Histogram of the residuals. The dotted horizontal line is at 0.

in the F11 sample. 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, being

Total:
255 SNe
1630 Spectra

1 < Δm15 < 1.5:
141 SNe
939 Spectra

σ = 220 km/s

Foley, Sanders,
& Kirshner 2011
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Fig. 2.— Best-fit values to the slope and offset for a line (Equa-
tion 1) describing the vSi II evolution of the F11 sample. SNe with
∆m15 < 1, 1 ≤ ∆m15 ≤ 1.5, and ∆m15 > 1.5 mag, are represented
by blue diamonds, black circles, and red squares, respectively. The
size of the points is inversely proportional to the size of the un-
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.
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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 difference 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 differences in
velocity populations for the three groups above and the
different 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),

Velocity and Light-Curve Shape

Friday, September 2, 2011



!"# !"$ !"! !"$ !"# !"%
&'() *'()+,'(-.

$/"0

$/"1

$/"/

$2"!

$2"#

$2"0

$2"1

3
*
+
+!
"4
5,

'
$5
+
+$
"$
.+,
'
(-
.

Finding Intrinsic Color

Foley, Sanders, & Kirshner 2011

Friday, September 2, 2011



!"# !"$ !"! !"$ !"# !"%
&'() *'()+,'(-.

$/"0

$/"1

$/"/

$2"!

$2"#

$2"0

$2"1

3
*
+
+!
"4
5,

'
$5
+
+$
"$
.+,
'
(-
.

Finding Intrinsic Color

Intrinsic
Color

Foley, Sanders, & Kirshner 2011

Friday, September 2, 2011



Intrinsic Color Depends on Velocity

Foley et al., in prep.
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Standardizable Crayons

Low Velocity High Velocity
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Additional Projects

Sanders et al., in prep. Mandel et al., in prep.

Friday, September 2, 2011



Implications

Previous SN Ia distances are biased

If average color/velocity shifts with 
redshift, cosmology measurements
are biased

Future SN cosmology surveys
(DES, LSST, WFIRST)
may need spectroscopy
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Looking for a new improvement for
two decades

Higher velocity supernovae are redder

Color used to determine amount of
dust and distance

Measuring velocity (standardizing the 
crayon) reduces bias and scatter          
more accurate and precise distances

Dark Energy measurements
will improve
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