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Measuring H0 with Standard Candles

Survey I (22 SNe Ia; Riess et al. 1999a), and the CfA Survey II
(44 SNe Ia; S. Jha et al. 2004b, in preparation).10 At higher
redshifts we used SN Ia photometry published by Riess
et al. (1998, 2001), Tonry et al. (2003), Knop et al. (2003), and
Barris et al. (2004), as well as SNe Ia tabulated by Tonry
et al. (2003) from N. Suntzeff et al. (2004, in preparation),
B. Leibundgut et al. (2004, in preparation), A. Clochiatti et al.
(2004, in preparation), and S. Jha et al. (2004c, in prepara-
tion). Despite the apparently large number of sources of data,
the majority of the data at z > 0:1 comes from the HZT
(Schmidt et al. 1998; Riess et al. 1998), and thus the meth-
ods used to calibrate all of these SNe Ia are extremely similar
(and familiar to the authors of the present paper).

In order to reduce systematic errors that arise from differ-
ences in light-curve fitting (and K-correcting) methods, we
have made every effort to consistently refit all the past data
with a single method, MLCS2k2 (S. Jha et al. 2004a, in prep-
aration). An exception was made for the high-redshift SNe
Ia from the SCP (Perlmutter et al. 1999) because photometry of
these SNe Ia remains unpublished. For these we utilized the re-
analyzed distances as given by Knop et al. (2003). We trans-
formed them to the MLCS2k2 distance scale by solving for
the SN Ia luminosity zero point required to match the mean
distances to low-redshift objects fitted by the two methods.

Unfortunately, a large variation exists in the quality and
breadth of the photometric and spectroscopic records of
individual SNe. Ideally, each SN Ia would have the same
well-defined spectroscopic features (Filippenko 1997), a spec-
troscopic redshift, and well-sampled light curves and color
curves. However, this is often not the case. As with the pho-
tometry, most of the extant high-redshift spectra from the SCP
have not been published (e.g., Perlmutter et al. 1999; Knop
et al. 2003). This makes it difficult to apply a uniform set of
criteria to SNe Ia in constructing a cosmological sample.

To reflect the differences in the quality of the spectroscopic
and photometric record for individual supernovae, we divide
the objects into ‘‘high-confidence’’ (hereafter ‘‘gold’’) and
‘‘likely but not certain’’ (hereafter ‘‘silver’’) subsets. Ideally,
we would assign each supernova a weight in any overall fit
that reflected its individual uncertainty. However, distance
errors resulting from spurious problems more common to
lower confidence SNe Ia, such as SN misclassification, large
extinction (amplifying uncertain extragalactic extinction laws),
and poorly constrained colors, are difficult to quantify. So we
use the coarser approach of separating the high-confidence
gold events from the larger set.

We adopted in our gold set all SNe Ia that were included by
the original sources in their most stringent subsets (when such
discriminations were made). Any SN Ia flagged as having a
cause for a specific concern was not included in this set. The
two primary reasons for rejecting an SN Ia from this set were
that (1) the classification, although plausible, was not com-
pelling (see discussion) and (2) the photometric record was
too incomplete to yield a robust distance (i.e., the number of
model parameters is roughly equal to the number of effective
samplings of the light curve).

SNe Ia included in previous cosmological samples but
rejected from our gold sample include SN 1999fh (poorly
constrained light curve; Tonry et al. 2003), SN 1997ck (poor
color information; Garnavich et al. 1998), all ‘‘snapshot’’ SNe

Ia from Riess et al. (1998), 15 SNe Ia from Perlmutter et al.
(1999) later discarded by Knop et al. (2003) as well as 11
additional SNe flagged by Knop et al. (2003; flag values 1, 2,
3), SNe Ia from Barris et al. (2004) without SNID classifica-
tion, and any SN Ia with more than 1 mag of extinction or
whose light curve begins more than 10 rest-frame days after
maximum as determined from the MLCS2k2 fit.
The same criteria were applied to the GOODS SNe Ia,

whose individual classifications were described in x 2.3. As a
result, two of these SNe were rejected from the gold sample:
SN 2002fx, whose classification is not certain enough, and
SN 2002kc, whose fit indicates more than 1 mag extinction.
The gold set contains a total of 157 SNe Ia.
The silver set contains the objects identified by the above

sources as likely SNe Ia but failing one criterion for inclusion
in the gold category. The silver set includes a total of 29
SNe Ia. SNe failing more than one criterion were excluded
from the analyses. The final membership rosters of the sub-
sets are tabulated in the Appendix.
For most of our cosmological analyses we focus on results

derived from the gold set, but for a few analyses with the
largest number of free parameters (and thus the most limited
in statistical inference), we include the silver set (with the
caveats arising from its reduced reliability).

4. COSMOLOGICAL CONSTRAINTS

Distance estimates from SN Ia light curves are derived from
the luminosity distance

dL ! L
4!F

! "1=2

; "1#

where L and F are the intrinsic luminosity and observed
flux of the SN within a given passband, respectively. Equiv-
alently, logarithmic measures of the flux (apparent magni-
tude, m) and luminosity (absolute magnitude, M ) were used to
derive extinction-corrected distance moduli, "0 ! m$M !
5 log dL % 25 (dL in units of megaparsecs). In this context,
the luminosity is a ‘‘nuisance parameter’’ whose value is un-
important for kinematic (and most cosmological) studies. We
have used the MLCS2k2 method and the data described in
x 2 to derive accurate and individual relative distance moduli
for the sets of SNe described in x 3.
In Figure 4 we show the Hubble diagram of distance moduli

and redshifts for the new HST-discovered SNe Ia in the gold
and silver sets. Although these new SNe Ia span a wide range
of redshift (0:21 < z < 1:55), their most valuable contribution
to the SN Ia Hubble diagram is in the highest redshift region,
where they effectively delineate the range at 0:85 < z < 1:55
with 11 new SNe Ia, including 6 of the 7 highest redshift SNe
known (the seventh being SN 1997ff; Riess et al. 2001).
The relationship between distance and redshift over a sig-

nificant fraction of the Hubble time can be considered either
empirically as a record of the (integrated) expansion history of
the universe or theoretically as constraints on the mass-energy
terms contained in the Friedman equation and affecting the ex-
pansion. In the next subsections we consider both approaches.

4.1. Expansion History: A Kinematic Description

It is valuable to consider the distance-redshift relation of
SNe Ia as a purely kinematic record of the expansion history of
the universe, without regard to its cause. An empirical descrip-
tion of the time variation of the scale factor a(t) can provide
answers to basic questions (e.g., ‘‘When was the universe [if

10 Note that the CfA SNe were generally discovered by other searches,
especially the Lick Observatory SN Search with the Katzman Automatic
Imaging Telescope (Filippenko et al. 2001; Filippenko 2002).
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Table 3
Distance Parameters

Host SN Ia Filters m0
v,i + 5av ! a µ0,i ! µ0,4258 µ0 Best

n4536 SN 1981B UBVR 15.147 0.145 1.567 (0.0404) 30.91 (0.07)
n4639 SN 1990N UBVRI 16.040 0.111 2.383 (0.0630) 31.67 (0.08)
n3370 SN 1994ae UBVRI 16.545 0.101 2.835 (0.0284) 32.13 (0.07)
n3982 SN 1998aq UBVRI 15.953 0.091 2.475 (0.0460) 31.70 (0.08)
n3021 SN 1995al UBVRI 16.699 0.113 3.138 (0.0870) 32.27 (0.08)
n1309 SN 2002fk BVRI 16.768 0.103 3.276 (0.0491) 32.59 (0.09)
n5584 SN 2007af BVRI 16.274 0.122 2.461 (0.0401) 31.72 (0.07)
n4038 SN 2007sr BVRI 15.901 0.137 2.396 (0.0567) 31.66 (0.08)
Weighted mean · · · · · · · · · 0.0417 · · · (0.0133) · · ·

Note. a For MLCS2k2, 0.08 mag added in quadrature to fitting error.

The simultaneous fit to all Cepheid and SN Ia data via
Equations (1) and (3) results in the determination of m0

v,4258,
which is the expected reddening-free, fiducial, peak magnitude
of an SN Ia appearing in NGC 4258. Finally, the Hubble constant
is determined from

log H0 =
!
m0

v,4258 ! µ0,4258
"

+ 5av + 25

5
, (4)

where µ4258,0 is the independent, geometric distance estimate
to NGC 4258 obtained through VLBI observations of wa-
ter megamasers orbiting its central supermassive black hole
(Herrnstein et al. 1999; Humphreys et al. 2005, 2008;
Argon et al. 2007; Greenhill 2009). The term av is the inter-
cept of the SN Ia magnitude–redshift relation, approximately
log cz ! 0.2m0

v but given for an arbitrary expansion history as

av = log cz

#

1 +
1
2

[1 ! q0] z ! 1
6

$
1 ! q0 ! 3q2

0 + j0
%
z2

+ O(z3)

&

! 0.2m0
v, (5)

measured from the set of SN Ia (z,m0
v) independent of any

absolute (i.e., luminosity or distance) scale. As in R09, we
determine av from a Hubble diagram for 240 SNe Ia from Hicken
et al. (2009b) using MLCS2k2 (Jha et al. 2007) or the SALT-
II (Guy et al. 2005) prescription to determine m0

v . Limiting
the sample to 0.023 < z < 0.1 (to avoid the possibility of a
local, coherent flow; z is the redshift in the rest frame of the
CMB) leaves 140 SNe Ia. (In the next section, we consider a
lower cut of z > 0.01.) Ganeshalingam et al. (2010) recently
published light curves of a large sample of SNe Ia from the Lick
Observatory Supernova Search, but there is a large overlap with
those given by Hicken et al. (2009b). There are only 13 SNe Ia
at z > 0.023 not already included in our sample and we have
added these to raise the total to 253 SNe Ia. Together with the
present acceleration q0 = !0.55 and prior deceleration j0 = 1
(Riess et al. 2007), we find av = 0.697 ± 0.00201.

The full statistical error in H0 is the quadrature sum of the
uncertainty in the three independent terms in Equation (4):
µ4258,0, m0

v,4258, and 5aV , where µ4258,0 is the geometric distance
estimate to NGC 4258 by Herrnstein et al. (1999), claimed by
Greenhill (2009) to currently have a 3% uncertainty.

Hui & Greene (2006) point out that the peculiar velocities
of SN Ia hosts and their correlations can produce an additional
systematic error in the determination of the SN Ia m–z relation
used for cosmography. However, by making use of a map of the
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Figure 8. Relative distances from Cepheids and SNe Ia. The bottom abscissa
shows the peak apparent visual magnitude of each SN Ia (red points) corrected
for reddening and to the fiducial brightness (using the luminosity vs. light
curve shape relations), m0

V . The top abscissa includes the intercept of the
m0

V –log cz relation for SNe Ia, av , to provide SN Ia distance measures, m0
V +5av ,

quantities which are independent of the choice of a fiducial SN Ia. The right-
hand ordinate shows the relative distances between the hosts determined from
the Cepheid VIH Wesenheit relations. The left ordinate shows the same thing,
with the addition of the independent geometric distance to NGC 4258 (blue
point) based on its circumnuclear megamasers. The contribution of the nearby
SN Ia and Cepheid data to H0 can be expressed as a determination of m0

V,4258,
the theoretical mean of eight fiducial SNe Ia in NGC 4258. The dashed line
indicates the uncertainty in the mean of the SN Ia hosts.

matter density field, it is possible to correct individual SN Ia
redshifts for these peculiar flows (Riess et al. 1997). Neill et al.
(2007) made use of the IRAS PSCz density field (Branchini
et al. 1999) to determine the effect of the density field on the
low-redshift SN Ia m–z relation and its impact on the equation-
of-state parameter of dark energy, w = P/("c2) (where P is the
pressure and "c2 is the energy density). Using their results for a
light-to-matter bias parameter # = 0.5 and the dipole from Pike
& Hudson (2005) results in an increase of the mean velocity
of the low-redshift sample and in the Hubble constant by 0.4%
over the case of uncorrelated velocities at rest with respect to the
CMB. We use a new estimate of this mean peculiar velocity for
the Hicken et al. (2009b) SN sample which is a slightly larger
value of 0.5%. We account for this and assume an uncertainty
of 0.1% resulting from a ±0.2 error in the value of #.

The result is H0 = 74.8 ± 3.0 km s!1 Mpc!1, a 4.0%
measurement (top line, Table 4). It is instructive to deconstruct
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the sample to 0.023 < z < 0.1 (to avoid the possibility of a
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lower cut of z > 0.01.) Ganeshalingam et al. (2010) recently
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(Riess et al. 2007), we find av = 0.697 ± 0.00201.

The full statistical error in H0 is the quadrature sum of the
uncertainty in the three independent terms in Equation (4):
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Figure 10. Confidence regions in the plane of H0 and the equation-of-state parameter of dark energy, w, and neutrino properties. The localization of the third acoustic
peak in the WMAP 7 year data (Komatsu et al. 2011) produces a confidence region which is narrow but highly degenerate with the dark energy equation of state (upper
panel). The improved measurement of H0, 73.8±2.6 km s!1 Mpc!1, from the SH0ES program is complementary to the WMAP constraint, resulting in a determination
of w = !1.08 ± 0.10 assuming a constant w. This result is comparable in precision to determinations of w from baryon acoustic oscillations and high-redshift
SNe Ia, but is independent of both. The inner regions are 68% confidence and the outer regions are 95% confidence. The modest tilt of the SH0ES measurement of
0.2% in H0 for a change in w of 0.1 shown as the dotted lines in the upper panel results from the mild dependence of av on w, corresponding to the change in H
for changes from w = !1 at the mean SN redshift of z = 0.04. The measurement of H0 is made at j0 = 1 (i.e., w = !1). Constraints on the mass and number of
relativistic species (e.g., neutrinos) are shown in the middle and lower panels, respectively.

model provides other avenues for reducing the significance of
this result including additional degrees of freedom for curvature,
dark energy, primordial helium abundance, and neutrino masses.
The 30% improvement in the present constraint on H0 combined
with improved high-resolution CMB data (e.g., Dunkley et al.
2010) and ultimately with Planck satellite CMB data should
reduce the present uncertainty in Neff by a factor of " 3 which
may provide a more definitive conclusion on the presence of
excess radiation in the early universe.

6. DISCUSSION

Examination of the complete error budget for H0 in the last
two columns of Table 5 indicates additional approaches for
improved precision in future measurements of H0. Expanding
the sample of well-measured parallaxes to MW Cepheids
(especially those at log P > 1) with the GAIA satellite could
drive the precision of the first rung of the distance ladder well
under 1%. However, as we have found with the “baker’s dozen”
of present MW parallaxes, much of this precision would be lost

without better cross-calibration between the space and ground
photometric systems used to measure Cepheids, near and far.

The largest remaining term comes from the quite limited
sample of ideal SN Ia calibrators, just eight objects. The
occurrence of an ideal SN Ia in the small volume within which
HST can measure Cepheids (R # 30 Mpc) is rare, on average
only once every 2–3 years. Given the recent proliferation of
SN surveys and instances of multiple, independent discoveries,
we are confident that all such SNe Ia within this volume
are being found. Collecting more will require extending the
range of Cepheid measurements—without introducing new
systematics—and patience. The forthcoming JWST offers a
promising route to extend Cepheid observations out to 50 Mpc
and to redder wavelengths, where uncertainties due to possible
variations in the extinction law and the dependence of Cepheid
luminosities on metallicity are further reduced. This extension
would increase the SN sample suitable for calibration by a factor
of "5, reaching "40 ideal SNe Ia observed over the past 20
years. Based on a 5% distance precision per ideal SN, such
a sample would enable a determination of H0 to better than

16
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Measuring Cosmological Parameters

Survey I (22 SNe Ia; Riess et al. 1999a), and the CfA Survey II
(44 SNe Ia; S. Jha et al. 2004b, in preparation).10 At higher
redshifts we used SN Ia photometry published by Riess
et al. (1998, 2001), Tonry et al. (2003), Knop et al. (2003), and
Barris et al. (2004), as well as SNe Ia tabulated by Tonry
et al. (2003) from N. Suntzeff et al. (2004, in preparation),
B. Leibundgut et al. (2004, in preparation), A. Clochiatti et al.
(2004, in preparation), and S. Jha et al. (2004c, in prepara-
tion). Despite the apparently large number of sources of data,
the majority of the data at z > 0:1 comes from the HZT
(Schmidt et al. 1998; Riess et al. 1998), and thus the meth-
ods used to calibrate all of these SNe Ia are extremely similar
(and familiar to the authors of the present paper).

In order to reduce systematic errors that arise from differ-
ences in light-curve fitting (and K-correcting) methods, we
have made every effort to consistently refit all the past data
with a single method, MLCS2k2 (S. Jha et al. 2004a, in prep-
aration). An exception was made for the high-redshift SNe
Ia from the SCP (Perlmutter et al. 1999) because photometry of
these SNe Ia remains unpublished. For these we utilized the re-
analyzed distances as given by Knop et al. (2003). We trans-
formed them to the MLCS2k2 distance scale by solving for
the SN Ia luminosity zero point required to match the mean
distances to low-redshift objects fitted by the two methods.

Unfortunately, a large variation exists in the quality and
breadth of the photometric and spectroscopic records of
individual SNe. Ideally, each SN Ia would have the same
well-defined spectroscopic features (Filippenko 1997), a spec-
troscopic redshift, and well-sampled light curves and color
curves. However, this is often not the case. As with the pho-
tometry, most of the extant high-redshift spectra from the SCP
have not been published (e.g., Perlmutter et al. 1999; Knop
et al. 2003). This makes it difficult to apply a uniform set of
criteria to SNe Ia in constructing a cosmological sample.

To reflect the differences in the quality of the spectroscopic
and photometric record for individual supernovae, we divide
the objects into ‘‘high-confidence’’ (hereafter ‘‘gold’’) and
‘‘likely but not certain’’ (hereafter ‘‘silver’’) subsets. Ideally,
we would assign each supernova a weight in any overall fit
that reflected its individual uncertainty. However, distance
errors resulting from spurious problems more common to
lower confidence SNe Ia, such as SN misclassification, large
extinction (amplifying uncertain extragalactic extinction laws),
and poorly constrained colors, are difficult to quantify. So we
use the coarser approach of separating the high-confidence
gold events from the larger set.

We adopted in our gold set all SNe Ia that were included by
the original sources in their most stringent subsets (when such
discriminations were made). Any SN Ia flagged as having a
cause for a specific concern was not included in this set. The
two primary reasons for rejecting an SN Ia from this set were
that (1) the classification, although plausible, was not com-
pelling (see discussion) and (2) the photometric record was
too incomplete to yield a robust distance (i.e., the number of
model parameters is roughly equal to the number of effective
samplings of the light curve).

SNe Ia included in previous cosmological samples but
rejected from our gold sample include SN 1999fh (poorly
constrained light curve; Tonry et al. 2003), SN 1997ck (poor
color information; Garnavich et al. 1998), all ‘‘snapshot’’ SNe

Ia from Riess et al. (1998), 15 SNe Ia from Perlmutter et al.
(1999) later discarded by Knop et al. (2003) as well as 11
additional SNe flagged by Knop et al. (2003; flag values 1, 2,
3), SNe Ia from Barris et al. (2004) without SNID classifica-
tion, and any SN Ia with more than 1 mag of extinction or
whose light curve begins more than 10 rest-frame days after
maximum as determined from the MLCS2k2 fit.
The same criteria were applied to the GOODS SNe Ia,

whose individual classifications were described in x 2.3. As a
result, two of these SNe were rejected from the gold sample:
SN 2002fx, whose classification is not certain enough, and
SN 2002kc, whose fit indicates more than 1 mag extinction.
The gold set contains a total of 157 SNe Ia.
The silver set contains the objects identified by the above

sources as likely SNe Ia but failing one criterion for inclusion
in the gold category. The silver set includes a total of 29
SNe Ia. SNe failing more than one criterion were excluded
from the analyses. The final membership rosters of the sub-
sets are tabulated in the Appendix.
For most of our cosmological analyses we focus on results

derived from the gold set, but for a few analyses with the
largest number of free parameters (and thus the most limited
in statistical inference), we include the silver set (with the
caveats arising from its reduced reliability).

4. COSMOLOGICAL CONSTRAINTS

Distance estimates from SN Ia light curves are derived from
the luminosity distance

dL ! L
4!F

! "1=2

; "1#

where L and F are the intrinsic luminosity and observed
flux of the SN within a given passband, respectively. Equiv-
alently, logarithmic measures of the flux (apparent magni-
tude, m) and luminosity (absolute magnitude, M ) were used to
derive extinction-corrected distance moduli, "0 ! m$M !
5 log dL % 25 (dL in units of megaparsecs). In this context,
the luminosity is a ‘‘nuisance parameter’’ whose value is un-
important for kinematic (and most cosmological) studies. We
have used the MLCS2k2 method and the data described in
x 2 to derive accurate and individual relative distance moduli
for the sets of SNe described in x 3.
In Figure 4 we show the Hubble diagram of distance moduli

and redshifts for the new HST-discovered SNe Ia in the gold
and silver sets. Although these new SNe Ia span a wide range
of redshift (0:21 < z < 1:55), their most valuable contribution
to the SN Ia Hubble diagram is in the highest redshift region,
where they effectively delineate the range at 0:85 < z < 1:55
with 11 new SNe Ia, including 6 of the 7 highest redshift SNe
known (the seventh being SN 1997ff; Riess et al. 2001).
The relationship between distance and redshift over a sig-

nificant fraction of the Hubble time can be considered either
empirically as a record of the (integrated) expansion history of
the universe or theoretically as constraints on the mass-energy
terms contained in the Friedman equation and affecting the ex-
pansion. In the next subsections we consider both approaches.

4.1. Expansion History: A Kinematic Description

It is valuable to consider the distance-redshift relation of
SNe Ia as a purely kinematic record of the expansion history of
the universe, without regard to its cause. An empirical descrip-
tion of the time variation of the scale factor a(t) can provide
answers to basic questions (e.g., ‘‘When was the universe [if

10 Note that the CfA SNe were generally discovered by other searches,
especially the Lick Observatory SN Search with the Katzman Automatic
Imaging Telescope (Filippenko et al. 2001; Filippenko 2002).
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4.3. Exploring Dark Energy

Despite the results of the last section that favor the dark
energy interpretation of SNe Ia, we avoid using this conclu-
sion as a starting point for exploring the nature of dark energy.
To do so would be to engage in circular reasoning or to incur
more free parameters than our limited data set can usefully
constrain. Instead, we embark on a parallel study from the
previous section. Here we use distance-independent informa-
tion to justify the cosmological interpretation of SNe Ia and
combine with other experiments to study dark energy.

The potential for luminosity evolution of corrected SN Ia
distances has been studied using a wide range of local host
environments. No dependence of the distance measures on
the host morphology, mean stellar age, radial distance from
the center, dust content, or mean metallicity has been seen
(Riess et al. 1998; Perlmutter et al. 1999; Hamuy et al.
2000). No differences in the inferred cosmology were seen
by Sullivan et al. (2003) for SNe Ia in early-type hosts or late-
type hosts at high redshifts. These studies limit morphol-
ogy dependence of SN Ia distances to the 5% level. Detailed
studies of distance-independent observables of SNe Ia, such
as their spectral energy distribution and temporal progres-
sion, have also been employed as probes of evolution; see
Riess (2000), Leibundgut (2001), and Perlmutter & Schmidt
(2004) for reviews. The consensus interpretation is that there
is no evidence for evolution with limits at or below the
statistical constraints on the average high-redshift apparent
brightness of SNe Ia. The observed nominal dispersion of
high-redshift SNe Ia substantially limits the patchiness of
uncorrected extinction, and near-IR observations of a high-
redshift SN Ia demonstrate that a large opacity from grayish
dust is unlikely (Riess et al. 2001). Non-SN constraints on
gray dust from QSOs observed in X-rays (Paerels et al. 2002;
K. Ninomiya, T. Yaqoob, & S. Khan 2003, private commu-
nication) and a partial or complete resolution of the far-IR
background by SCUBA (Chapman et al. 2003) place strin-
gent limits of less than a few percent of dimming at z ! 0:5
from gray dust.

Based on this evidence, we adopt in the following analysis
an a priori constraint that the net astrophysical contamination
of SN Ia distance measures does not exceed their statistical
uncertainty in their mean brightness. Quantitatively, our
adopted limit on systematics is defined to be 5% per !z at
z > 0:1.

First we consider the SN data within an FRW cosmology of
unknown curvature and mass density (with a flat prior on all
parameters), with the simplest description of a dark energy
component (i.e., a cosmological constant) using equation (11).
Joint confidence intervals in the "M -"# plane were derived
after numerical integration of the probability density P(H0) /
exp "#!2(H0)=2$ over all values of H0 and are shown in
Figure 8. Compared to the same analysis in Riess et al. (1998),
the gold sample presented here reduces the area of the 1 "
contour by a factor of 6 (a factor of 7 including the silver
sample). With the current sample, the 4 " confidence inter-
vals (i.e., >99.99% confidence) are now fully contained within
the region where "# > 0. The ‘‘concordance’’ model of "M !
0:27; "# ! 0:73 lies within the 1 " contour (although just
outside of it with the addition of the silver set). For a flat-
geometry prior, we measure "M ! 0:29%0:05

0:03 (equivalently,
"# ! 0:71). The HST-discovered SNe Ia alone decrease the
area of the 1 " contour by a factor of 1.5 (in the gold sample)
because of their high mean redshift.

An alternative approach with good precedent (Garnavich
et al. 1998; Perlmutter et al. 1999) is to consider a flat universe
and a generalized dark energy component parameterized by its
(assumed) constant equation of state w ! P=#c2. Flatness is
assumed either on theoretical grounds (i.e., as a consequence
of inflation) or on observational grounds from the character-
istic angular size scale of the CMB fluctuations (Spergel et al.
2003 and references therein). In this case the luminosity dis-
tance is given by

dL ! cH#1
0 (1& z)

Z z

0

dz
h
(1& z)3("M )

& (1# "M )(1& z)3'1&w(
i#1=2

: '13(

We determined the probability density in the "M -w plane
in the same manner as above, and the results are shown in
the left panel of Figure 9. The SN Ia data alone require w <
#0:5 for any value of "M at the 95% confidence level and
are consistent with w ! #1 (i.e., dark energy resembling
a cosmological constant) at the 68% confidence level for
0:20 < "M < 0:35.

  

  

  

  

  

  

  

  

  

Fig. 8.—Joint confidence intervals for ("M , "#) from SNe Ia. The solid
contours are results from the gold sample of 157 SNe Ia presented here. The
dotted contours are the results from Riess et al. (1998) illustrating the earlier
evidence for "# > 0. Regions representing specific cosmological scenarios are
illustrated. Contours are closed by their intersection with the line "M ! 0.
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Survey I (22 SNe Ia; Riess et al. 1999a), and the CfA Survey II
(44 SNe Ia; S. Jha et al. 2004b, in preparation).10 At higher
redshifts we used SN Ia photometry published by Riess
et al. (1998, 2001), Tonry et al. (2003), Knop et al. (2003), and
Barris et al. (2004), as well as SNe Ia tabulated by Tonry
et al. (2003) from N. Suntzeff et al. (2004, in preparation),
B. Leibundgut et al. (2004, in preparation), A. Clochiatti et al.
(2004, in preparation), and S. Jha et al. (2004c, in prepara-
tion). Despite the apparently large number of sources of data,
the majority of the data at z > 0:1 comes from the HZT
(Schmidt et al. 1998; Riess et al. 1998), and thus the meth-
ods used to calibrate all of these SNe Ia are extremely similar
(and familiar to the authors of the present paper).

In order to reduce systematic errors that arise from differ-
ences in light-curve fitting (and K-correcting) methods, we
have made every effort to consistently refit all the past data
with a single method, MLCS2k2 (S. Jha et al. 2004a, in prep-
aration). An exception was made for the high-redshift SNe
Ia from the SCP (Perlmutter et al. 1999) because photometry of
these SNe Ia remains unpublished. For these we utilized the re-
analyzed distances as given by Knop et al. (2003). We trans-
formed them to the MLCS2k2 distance scale by solving for
the SN Ia luminosity zero point required to match the mean
distances to low-redshift objects fitted by the two methods.

Unfortunately, a large variation exists in the quality and
breadth of the photometric and spectroscopic records of
individual SNe. Ideally, each SN Ia would have the same
well-defined spectroscopic features (Filippenko 1997), a spec-
troscopic redshift, and well-sampled light curves and color
curves. However, this is often not the case. As with the pho-
tometry, most of the extant high-redshift spectra from the SCP
have not been published (e.g., Perlmutter et al. 1999; Knop
et al. 2003). This makes it difficult to apply a uniform set of
criteria to SNe Ia in constructing a cosmological sample.

To reflect the differences in the quality of the spectroscopic
and photometric record for individual supernovae, we divide
the objects into ‘‘high-confidence’’ (hereafter ‘‘gold’’) and
‘‘likely but not certain’’ (hereafter ‘‘silver’’) subsets. Ideally,
we would assign each supernova a weight in any overall fit
that reflected its individual uncertainty. However, distance
errors resulting from spurious problems more common to
lower confidence SNe Ia, such as SN misclassification, large
extinction (amplifying uncertain extragalactic extinction laws),
and poorly constrained colors, are difficult to quantify. So we
use the coarser approach of separating the high-confidence
gold events from the larger set.

We adopted in our gold set all SNe Ia that were included by
the original sources in their most stringent subsets (when such
discriminations were made). Any SN Ia flagged as having a
cause for a specific concern was not included in this set. The
two primary reasons for rejecting an SN Ia from this set were
that (1) the classification, although plausible, was not com-
pelling (see discussion) and (2) the photometric record was
too incomplete to yield a robust distance (i.e., the number of
model parameters is roughly equal to the number of effective
samplings of the light curve).

SNe Ia included in previous cosmological samples but
rejected from our gold sample include SN 1999fh (poorly
constrained light curve; Tonry et al. 2003), SN 1997ck (poor
color information; Garnavich et al. 1998), all ‘‘snapshot’’ SNe

Ia from Riess et al. (1998), 15 SNe Ia from Perlmutter et al.
(1999) later discarded by Knop et al. (2003) as well as 11
additional SNe flagged by Knop et al. (2003; flag values 1, 2,
3), SNe Ia from Barris et al. (2004) without SNID classifica-
tion, and any SN Ia with more than 1 mag of extinction or
whose light curve begins more than 10 rest-frame days after
maximum as determined from the MLCS2k2 fit.
The same criteria were applied to the GOODS SNe Ia,

whose individual classifications were described in x 2.3. As a
result, two of these SNe were rejected from the gold sample:
SN 2002fx, whose classification is not certain enough, and
SN 2002kc, whose fit indicates more than 1 mag extinction.
The gold set contains a total of 157 SNe Ia.
The silver set contains the objects identified by the above

sources as likely SNe Ia but failing one criterion for inclusion
in the gold category. The silver set includes a total of 29
SNe Ia. SNe failing more than one criterion were excluded
from the analyses. The final membership rosters of the sub-
sets are tabulated in the Appendix.
For most of our cosmological analyses we focus on results

derived from the gold set, but for a few analyses with the
largest number of free parameters (and thus the most limited
in statistical inference), we include the silver set (with the
caveats arising from its reduced reliability).

4. COSMOLOGICAL CONSTRAINTS

Distance estimates from SN Ia light curves are derived from
the luminosity distance

dL ! L
4!F

! "1=2

; "1#

where L and F are the intrinsic luminosity and observed
flux of the SN within a given passband, respectively. Equiv-
alently, logarithmic measures of the flux (apparent magni-
tude, m) and luminosity (absolute magnitude, M ) were used to
derive extinction-corrected distance moduli, "0 ! m$M !
5 log dL % 25 (dL in units of megaparsecs). In this context,
the luminosity is a ‘‘nuisance parameter’’ whose value is un-
important for kinematic (and most cosmological) studies. We
have used the MLCS2k2 method and the data described in
x 2 to derive accurate and individual relative distance moduli
for the sets of SNe described in x 3.
In Figure 4 we show the Hubble diagram of distance moduli

and redshifts for the new HST-discovered SNe Ia in the gold
and silver sets. Although these new SNe Ia span a wide range
of redshift (0:21 < z < 1:55), their most valuable contribution
to the SN Ia Hubble diagram is in the highest redshift region,
where they effectively delineate the range at 0:85 < z < 1:55
with 11 new SNe Ia, including 6 of the 7 highest redshift SNe
known (the seventh being SN 1997ff; Riess et al. 2001).
The relationship between distance and redshift over a sig-

nificant fraction of the Hubble time can be considered either
empirically as a record of the (integrated) expansion history of
the universe or theoretically as constraints on the mass-energy
terms contained in the Friedman equation and affecting the ex-
pansion. In the next subsections we consider both approaches.

4.1. Expansion History: A Kinematic Description

It is valuable to consider the distance-redshift relation of
SNe Ia as a purely kinematic record of the expansion history of
the universe, without regard to its cause. An empirical descrip-
tion of the time variation of the scale factor a(t) can provide
answers to basic questions (e.g., ‘‘When was the universe [if

10 Note that the CfA SNe were generally discovered by other searches,
especially the Lick Observatory SN Search with the Katzman Automatic
Imaging Telescope (Filippenko et al. 2001; Filippenko 2002).
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4.3. Exploring Dark Energy

Despite the results of the last section that favor the dark
energy interpretation of SNe Ia, we avoid using this conclu-
sion as a starting point for exploring the nature of dark energy.
To do so would be to engage in circular reasoning or to incur
more free parameters than our limited data set can usefully
constrain. Instead, we embark on a parallel study from the
previous section. Here we use distance-independent informa-
tion to justify the cosmological interpretation of SNe Ia and
combine with other experiments to study dark energy.

The potential for luminosity evolution of corrected SN Ia
distances has been studied using a wide range of local host
environments. No dependence of the distance measures on
the host morphology, mean stellar age, radial distance from
the center, dust content, or mean metallicity has been seen
(Riess et al. 1998; Perlmutter et al. 1999; Hamuy et al.
2000). No differences in the inferred cosmology were seen
by Sullivan et al. (2003) for SNe Ia in early-type hosts or late-
type hosts at high redshifts. These studies limit morphol-
ogy dependence of SN Ia distances to the 5% level. Detailed
studies of distance-independent observables of SNe Ia, such
as their spectral energy distribution and temporal progres-
sion, have also been employed as probes of evolution; see
Riess (2000), Leibundgut (2001), and Perlmutter & Schmidt
(2004) for reviews. The consensus interpretation is that there
is no evidence for evolution with limits at or below the
statistical constraints on the average high-redshift apparent
brightness of SNe Ia. The observed nominal dispersion of
high-redshift SNe Ia substantially limits the patchiness of
uncorrected extinction, and near-IR observations of a high-
redshift SN Ia demonstrate that a large opacity from grayish
dust is unlikely (Riess et al. 2001). Non-SN constraints on
gray dust from QSOs observed in X-rays (Paerels et al. 2002;
K. Ninomiya, T. Yaqoob, & S. Khan 2003, private commu-
nication) and a partial or complete resolution of the far-IR
background by SCUBA (Chapman et al. 2003) place strin-
gent limits of less than a few percent of dimming at z ! 0:5
from gray dust.

Based on this evidence, we adopt in the following analysis
an a priori constraint that the net astrophysical contamination
of SN Ia distance measures does not exceed their statistical
uncertainty in their mean brightness. Quantitatively, our
adopted limit on systematics is defined to be 5% per !z at
z > 0:1.

First we consider the SN data within an FRW cosmology of
unknown curvature and mass density (with a flat prior on all
parameters), with the simplest description of a dark energy
component (i.e., a cosmological constant) using equation (11).
Joint confidence intervals in the "M -"# plane were derived
after numerical integration of the probability density P(H0) /
exp "#!2(H0)=2$ over all values of H0 and are shown in
Figure 8. Compared to the same analysis in Riess et al. (1998),
the gold sample presented here reduces the area of the 1 "
contour by a factor of 6 (a factor of 7 including the silver
sample). With the current sample, the 4 " confidence inter-
vals (i.e., >99.99% confidence) are now fully contained within
the region where "# > 0. The ‘‘concordance’’ model of "M !
0:27; "# ! 0:73 lies within the 1 " contour (although just
outside of it with the addition of the silver set). For a flat-
geometry prior, we measure "M ! 0:29%0:05

0:03 (equivalently,
"# ! 0:71). The HST-discovered SNe Ia alone decrease the
area of the 1 " contour by a factor of 1.5 (in the gold sample)
because of their high mean redshift.

An alternative approach with good precedent (Garnavich
et al. 1998; Perlmutter et al. 1999) is to consider a flat universe
and a generalized dark energy component parameterized by its
(assumed) constant equation of state w ! P=#c2. Flatness is
assumed either on theoretical grounds (i.e., as a consequence
of inflation) or on observational grounds from the character-
istic angular size scale of the CMB fluctuations (Spergel et al.
2003 and references therein). In this case the luminosity dis-
tance is given by

dL ! cH#1
0 (1& z)

Z z

0

dz
h
(1& z)3("M )

& (1# "M )(1& z)3'1&w(
i#1=2

: '13(

We determined the probability density in the "M -w plane
in the same manner as above, and the results are shown in
the left panel of Figure 9. The SN Ia data alone require w <
#0:5 for any value of "M at the 95% confidence level and
are consistent with w ! #1 (i.e., dark energy resembling
a cosmological constant) at the 68% confidence level for
0:20 < "M < 0:35.

  

  

  

  

  

  

  

  

  

Fig. 8.—Joint confidence intervals for ("M , "#) from SNe Ia. The solid
contours are results from the gold sample of 157 SNe Ia presented here. The
dotted contours are the results from Riess et al. (1998) illustrating the earlier
evidence for "# > 0. Regions representing specific cosmological scenarios are
illustrated. Contours are closed by their intersection with the line "M ! 0.
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Survey I (22 SNe Ia; Riess et al. 1999a), and the CfA Survey II
(44 SNe Ia; S. Jha et al. 2004b, in preparation).10 At higher
redshifts we used SN Ia photometry published by Riess
et al. (1998, 2001), Tonry et al. (2003), Knop et al. (2003), and
Barris et al. (2004), as well as SNe Ia tabulated by Tonry
et al. (2003) from N. Suntzeff et al. (2004, in preparation),
B. Leibundgut et al. (2004, in preparation), A. Clochiatti et al.
(2004, in preparation), and S. Jha et al. (2004c, in prepara-
tion). Despite the apparently large number of sources of data,
the majority of the data at z > 0:1 comes from the HZT
(Schmidt et al. 1998; Riess et al. 1998), and thus the meth-
ods used to calibrate all of these SNe Ia are extremely similar
(and familiar to the authors of the present paper).

In order to reduce systematic errors that arise from differ-
ences in light-curve fitting (and K-correcting) methods, we
have made every effort to consistently refit all the past data
with a single method, MLCS2k2 (S. Jha et al. 2004a, in prep-
aration). An exception was made for the high-redshift SNe
Ia from the SCP (Perlmutter et al. 1999) because photometry of
these SNe Ia remains unpublished. For these we utilized the re-
analyzed distances as given by Knop et al. (2003). We trans-
formed them to the MLCS2k2 distance scale by solving for
the SN Ia luminosity zero point required to match the mean
distances to low-redshift objects fitted by the two methods.

Unfortunately, a large variation exists in the quality and
breadth of the photometric and spectroscopic records of
individual SNe. Ideally, each SN Ia would have the same
well-defined spectroscopic features (Filippenko 1997), a spec-
troscopic redshift, and well-sampled light curves and color
curves. However, this is often not the case. As with the pho-
tometry, most of the extant high-redshift spectra from the SCP
have not been published (e.g., Perlmutter et al. 1999; Knop
et al. 2003). This makes it difficult to apply a uniform set of
criteria to SNe Ia in constructing a cosmological sample.

To reflect the differences in the quality of the spectroscopic
and photometric record for individual supernovae, we divide
the objects into ‘‘high-confidence’’ (hereafter ‘‘gold’’) and
‘‘likely but not certain’’ (hereafter ‘‘silver’’) subsets. Ideally,
we would assign each supernova a weight in any overall fit
that reflected its individual uncertainty. However, distance
errors resulting from spurious problems more common to
lower confidence SNe Ia, such as SN misclassification, large
extinction (amplifying uncertain extragalactic extinction laws),
and poorly constrained colors, are difficult to quantify. So we
use the coarser approach of separating the high-confidence
gold events from the larger set.

We adopted in our gold set all SNe Ia that were included by
the original sources in their most stringent subsets (when such
discriminations were made). Any SN Ia flagged as having a
cause for a specific concern was not included in this set. The
two primary reasons for rejecting an SN Ia from this set were
that (1) the classification, although plausible, was not com-
pelling (see discussion) and (2) the photometric record was
too incomplete to yield a robust distance (i.e., the number of
model parameters is roughly equal to the number of effective
samplings of the light curve).

SNe Ia included in previous cosmological samples but
rejected from our gold sample include SN 1999fh (poorly
constrained light curve; Tonry et al. 2003), SN 1997ck (poor
color information; Garnavich et al. 1998), all ‘‘snapshot’’ SNe

Ia from Riess et al. (1998), 15 SNe Ia from Perlmutter et al.
(1999) later discarded by Knop et al. (2003) as well as 11
additional SNe flagged by Knop et al. (2003; flag values 1, 2,
3), SNe Ia from Barris et al. (2004) without SNID classifica-
tion, and any SN Ia with more than 1 mag of extinction or
whose light curve begins more than 10 rest-frame days after
maximum as determined from the MLCS2k2 fit.
The same criteria were applied to the GOODS SNe Ia,

whose individual classifications were described in x 2.3. As a
result, two of these SNe were rejected from the gold sample:
SN 2002fx, whose classification is not certain enough, and
SN 2002kc, whose fit indicates more than 1 mag extinction.
The gold set contains a total of 157 SNe Ia.
The silver set contains the objects identified by the above

sources as likely SNe Ia but failing one criterion for inclusion
in the gold category. The silver set includes a total of 29
SNe Ia. SNe failing more than one criterion were excluded
from the analyses. The final membership rosters of the sub-
sets are tabulated in the Appendix.
For most of our cosmological analyses we focus on results

derived from the gold set, but for a few analyses with the
largest number of free parameters (and thus the most limited
in statistical inference), we include the silver set (with the
caveats arising from its reduced reliability).

4. COSMOLOGICAL CONSTRAINTS

Distance estimates from SN Ia light curves are derived from
the luminosity distance

dL ! L
4!F

! "1=2

; "1#

where L and F are the intrinsic luminosity and observed
flux of the SN within a given passband, respectively. Equiv-
alently, logarithmic measures of the flux (apparent magni-
tude, m) and luminosity (absolute magnitude, M ) were used to
derive extinction-corrected distance moduli, "0 ! m$M !
5 log dL % 25 (dL in units of megaparsecs). In this context,
the luminosity is a ‘‘nuisance parameter’’ whose value is un-
important for kinematic (and most cosmological) studies. We
have used the MLCS2k2 method and the data described in
x 2 to derive accurate and individual relative distance moduli
for the sets of SNe described in x 3.
In Figure 4 we show the Hubble diagram of distance moduli

and redshifts for the new HST-discovered SNe Ia in the gold
and silver sets. Although these new SNe Ia span a wide range
of redshift (0:21 < z < 1:55), their most valuable contribution
to the SN Ia Hubble diagram is in the highest redshift region,
where they effectively delineate the range at 0:85 < z < 1:55
with 11 new SNe Ia, including 6 of the 7 highest redshift SNe
known (the seventh being SN 1997ff; Riess et al. 2001).
The relationship between distance and redshift over a sig-

nificant fraction of the Hubble time can be considered either
empirically as a record of the (integrated) expansion history of
the universe or theoretically as constraints on the mass-energy
terms contained in the Friedman equation and affecting the ex-
pansion. In the next subsections we consider both approaches.

4.1. Expansion History: A Kinematic Description

It is valuable to consider the distance-redshift relation of
SNe Ia as a purely kinematic record of the expansion history of
the universe, without regard to its cause. An empirical descrip-
tion of the time variation of the scale factor a(t) can provide
answers to basic questions (e.g., ‘‘When was the universe [if

10 Note that the CfA SNe were generally discovered by other searches,
especially the Lick Observatory SN Search with the Katzman Automatic
Imaging Telescope (Filippenko et al. 2001; Filippenko 2002).
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4.3. Exploring Dark Energy

Despite the results of the last section that favor the dark
energy interpretation of SNe Ia, we avoid using this conclu-
sion as a starting point for exploring the nature of dark energy.
To do so would be to engage in circular reasoning or to incur
more free parameters than our limited data set can usefully
constrain. Instead, we embark on a parallel study from the
previous section. Here we use distance-independent informa-
tion to justify the cosmological interpretation of SNe Ia and
combine with other experiments to study dark energy.

The potential for luminosity evolution of corrected SN Ia
distances has been studied using a wide range of local host
environments. No dependence of the distance measures on
the host morphology, mean stellar age, radial distance from
the center, dust content, or mean metallicity has been seen
(Riess et al. 1998; Perlmutter et al. 1999; Hamuy et al.
2000). No differences in the inferred cosmology were seen
by Sullivan et al. (2003) for SNe Ia in early-type hosts or late-
type hosts at high redshifts. These studies limit morphol-
ogy dependence of SN Ia distances to the 5% level. Detailed
studies of distance-independent observables of SNe Ia, such
as their spectral energy distribution and temporal progres-
sion, have also been employed as probes of evolution; see
Riess (2000), Leibundgut (2001), and Perlmutter & Schmidt
(2004) for reviews. The consensus interpretation is that there
is no evidence for evolution with limits at or below the
statistical constraints on the average high-redshift apparent
brightness of SNe Ia. The observed nominal dispersion of
high-redshift SNe Ia substantially limits the patchiness of
uncorrected extinction, and near-IR observations of a high-
redshift SN Ia demonstrate that a large opacity from grayish
dust is unlikely (Riess et al. 2001). Non-SN constraints on
gray dust from QSOs observed in X-rays (Paerels et al. 2002;
K. Ninomiya, T. Yaqoob, & S. Khan 2003, private commu-
nication) and a partial or complete resolution of the far-IR
background by SCUBA (Chapman et al. 2003) place strin-
gent limits of less than a few percent of dimming at z ! 0:5
from gray dust.

Based on this evidence, we adopt in the following analysis
an a priori constraint that the net astrophysical contamination
of SN Ia distance measures does not exceed their statistical
uncertainty in their mean brightness. Quantitatively, our
adopted limit on systematics is defined to be 5% per !z at
z > 0:1.

First we consider the SN data within an FRW cosmology of
unknown curvature and mass density (with a flat prior on all
parameters), with the simplest description of a dark energy
component (i.e., a cosmological constant) using equation (11).
Joint confidence intervals in the "M -"# plane were derived
after numerical integration of the probability density P(H0) /
exp "#!2(H0)=2$ over all values of H0 and are shown in
Figure 8. Compared to the same analysis in Riess et al. (1998),
the gold sample presented here reduces the area of the 1 "
contour by a factor of 6 (a factor of 7 including the silver
sample). With the current sample, the 4 " confidence inter-
vals (i.e., >99.99% confidence) are now fully contained within
the region where "# > 0. The ‘‘concordance’’ model of "M !
0:27; "# ! 0:73 lies within the 1 " contour (although just
outside of it with the addition of the silver set). For a flat-
geometry prior, we measure "M ! 0:29%0:05

0:03 (equivalently,
"# ! 0:71). The HST-discovered SNe Ia alone decrease the
area of the 1 " contour by a factor of 1.5 (in the gold sample)
because of their high mean redshift.

An alternative approach with good precedent (Garnavich
et al. 1998; Perlmutter et al. 1999) is to consider a flat universe
and a generalized dark energy component parameterized by its
(assumed) constant equation of state w ! P=#c2. Flatness is
assumed either on theoretical grounds (i.e., as a consequence
of inflation) or on observational grounds from the character-
istic angular size scale of the CMB fluctuations (Spergel et al.
2003 and references therein). In this case the luminosity dis-
tance is given by

dL ! cH#1
0 (1& z)

Z z

0

dz
h
(1& z)3("M )

& (1# "M )(1& z)3'1&w(
i#1=2

: '13(

We determined the probability density in the "M -w plane
in the same manner as above, and the results are shown in
the left panel of Figure 9. The SN Ia data alone require w <
#0:5 for any value of "M at the 95% confidence level and
are consistent with w ! #1 (i.e., dark energy resembling
a cosmological constant) at the 68% confidence level for
0:20 < "M < 0:35.

  

  

  

  

  

  

  

  

  

Fig. 8.—Joint confidence intervals for ("M , "#) from SNe Ia. The solid
contours are results from the gold sample of 157 SNe Ia presented here. The
dotted contours are the results from Riess et al. (1998) illustrating the earlier
evidence for "# > 0. Regions representing specific cosmological scenarios are
illustrated. Contours are closed by their intersection with the line "M ! 0.
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Measuring Cosmological Parameters

Survey I (22 SNe Ia; Riess et al. 1999a), and the CfA Survey II
(44 SNe Ia; S. Jha et al. 2004b, in preparation).10 At higher
redshifts we used SN Ia photometry published by Riess
et al. (1998, 2001), Tonry et al. (2003), Knop et al. (2003), and
Barris et al. (2004), as well as SNe Ia tabulated by Tonry
et al. (2003) from N. Suntzeff et al. (2004, in preparation),
B. Leibundgut et al. (2004, in preparation), A. Clochiatti et al.
(2004, in preparation), and S. Jha et al. (2004c, in prepara-
tion). Despite the apparently large number of sources of data,
the majority of the data at z > 0:1 comes from the HZT
(Schmidt et al. 1998; Riess et al. 1998), and thus the meth-
ods used to calibrate all of these SNe Ia are extremely similar
(and familiar to the authors of the present paper).

In order to reduce systematic errors that arise from differ-
ences in light-curve fitting (and K-correcting) methods, we
have made every effort to consistently refit all the past data
with a single method, MLCS2k2 (S. Jha et al. 2004a, in prep-
aration). An exception was made for the high-redshift SNe
Ia from the SCP (Perlmutter et al. 1999) because photometry of
these SNe Ia remains unpublished. For these we utilized the re-
analyzed distances as given by Knop et al. (2003). We trans-
formed them to the MLCS2k2 distance scale by solving for
the SN Ia luminosity zero point required to match the mean
distances to low-redshift objects fitted by the two methods.

Unfortunately, a large variation exists in the quality and
breadth of the photometric and spectroscopic records of
individual SNe. Ideally, each SN Ia would have the same
well-defined spectroscopic features (Filippenko 1997), a spec-
troscopic redshift, and well-sampled light curves and color
curves. However, this is often not the case. As with the pho-
tometry, most of the extant high-redshift spectra from the SCP
have not been published (e.g., Perlmutter et al. 1999; Knop
et al. 2003). This makes it difficult to apply a uniform set of
criteria to SNe Ia in constructing a cosmological sample.

To reflect the differences in the quality of the spectroscopic
and photometric record for individual supernovae, we divide
the objects into ‘‘high-confidence’’ (hereafter ‘‘gold’’) and
‘‘likely but not certain’’ (hereafter ‘‘silver’’) subsets. Ideally,
we would assign each supernova a weight in any overall fit
that reflected its individual uncertainty. However, distance
errors resulting from spurious problems more common to
lower confidence SNe Ia, such as SN misclassification, large
extinction (amplifying uncertain extragalactic extinction laws),
and poorly constrained colors, are difficult to quantify. So we
use the coarser approach of separating the high-confidence
gold events from the larger set.

We adopted in our gold set all SNe Ia that were included by
the original sources in their most stringent subsets (when such
discriminations were made). Any SN Ia flagged as having a
cause for a specific concern was not included in this set. The
two primary reasons for rejecting an SN Ia from this set were
that (1) the classification, although plausible, was not com-
pelling (see discussion) and (2) the photometric record was
too incomplete to yield a robust distance (i.e., the number of
model parameters is roughly equal to the number of effective
samplings of the light curve).

SNe Ia included in previous cosmological samples but
rejected from our gold sample include SN 1999fh (poorly
constrained light curve; Tonry et al. 2003), SN 1997ck (poor
color information; Garnavich et al. 1998), all ‘‘snapshot’’ SNe

Ia from Riess et al. (1998), 15 SNe Ia from Perlmutter et al.
(1999) later discarded by Knop et al. (2003) as well as 11
additional SNe flagged by Knop et al. (2003; flag values 1, 2,
3), SNe Ia from Barris et al. (2004) without SNID classifica-
tion, and any SN Ia with more than 1 mag of extinction or
whose light curve begins more than 10 rest-frame days after
maximum as determined from the MLCS2k2 fit.
The same criteria were applied to the GOODS SNe Ia,

whose individual classifications were described in x 2.3. As a
result, two of these SNe were rejected from the gold sample:
SN 2002fx, whose classification is not certain enough, and
SN 2002kc, whose fit indicates more than 1 mag extinction.
The gold set contains a total of 157 SNe Ia.
The silver set contains the objects identified by the above

sources as likely SNe Ia but failing one criterion for inclusion
in the gold category. The silver set includes a total of 29
SNe Ia. SNe failing more than one criterion were excluded
from the analyses. The final membership rosters of the sub-
sets are tabulated in the Appendix.
For most of our cosmological analyses we focus on results

derived from the gold set, but for a few analyses with the
largest number of free parameters (and thus the most limited
in statistical inference), we include the silver set (with the
caveats arising from its reduced reliability).

4. COSMOLOGICAL CONSTRAINTS

Distance estimates from SN Ia light curves are derived from
the luminosity distance

dL ! L
4!F

! "1=2

; "1#

where L and F are the intrinsic luminosity and observed
flux of the SN within a given passband, respectively. Equiv-
alently, logarithmic measures of the flux (apparent magni-
tude, m) and luminosity (absolute magnitude, M ) were used to
derive extinction-corrected distance moduli, "0 ! m$M !
5 log dL % 25 (dL in units of megaparsecs). In this context,
the luminosity is a ‘‘nuisance parameter’’ whose value is un-
important for kinematic (and most cosmological) studies. We
have used the MLCS2k2 method and the data described in
x 2 to derive accurate and individual relative distance moduli
for the sets of SNe described in x 3.
In Figure 4 we show the Hubble diagram of distance moduli

and redshifts for the new HST-discovered SNe Ia in the gold
and silver sets. Although these new SNe Ia span a wide range
of redshift (0:21 < z < 1:55), their most valuable contribution
to the SN Ia Hubble diagram is in the highest redshift region,
where they effectively delineate the range at 0:85 < z < 1:55
with 11 new SNe Ia, including 6 of the 7 highest redshift SNe
known (the seventh being SN 1997ff; Riess et al. 2001).
The relationship between distance and redshift over a sig-

nificant fraction of the Hubble time can be considered either
empirically as a record of the (integrated) expansion history of
the universe or theoretically as constraints on the mass-energy
terms contained in the Friedman equation and affecting the ex-
pansion. In the next subsections we consider both approaches.

4.1. Expansion History: A Kinematic Description

It is valuable to consider the distance-redshift relation of
SNe Ia as a purely kinematic record of the expansion history of
the universe, without regard to its cause. An empirical descrip-
tion of the time variation of the scale factor a(t) can provide
answers to basic questions (e.g., ‘‘When was the universe [if

10 Note that the CfA SNe were generally discovered by other searches,
especially the Lick Observatory SN Search with the Katzman Automatic
Imaging Telescope (Filippenko et al. 2001; Filippenko 2002).
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4.3. Exploring Dark Energy

Despite the results of the last section that favor the dark
energy interpretation of SNe Ia, we avoid using this conclu-
sion as a starting point for exploring the nature of dark energy.
To do so would be to engage in circular reasoning or to incur
more free parameters than our limited data set can usefully
constrain. Instead, we embark on a parallel study from the
previous section. Here we use distance-independent informa-
tion to justify the cosmological interpretation of SNe Ia and
combine with other experiments to study dark energy.

The potential for luminosity evolution of corrected SN Ia
distances has been studied using a wide range of local host
environments. No dependence of the distance measures on
the host morphology, mean stellar age, radial distance from
the center, dust content, or mean metallicity has been seen
(Riess et al. 1998; Perlmutter et al. 1999; Hamuy et al.
2000). No differences in the inferred cosmology were seen
by Sullivan et al. (2003) for SNe Ia in early-type hosts or late-
type hosts at high redshifts. These studies limit morphol-
ogy dependence of SN Ia distances to the 5% level. Detailed
studies of distance-independent observables of SNe Ia, such
as their spectral energy distribution and temporal progres-
sion, have also been employed as probes of evolution; see
Riess (2000), Leibundgut (2001), and Perlmutter & Schmidt
(2004) for reviews. The consensus interpretation is that there
is no evidence for evolution with limits at or below the
statistical constraints on the average high-redshift apparent
brightness of SNe Ia. The observed nominal dispersion of
high-redshift SNe Ia substantially limits the patchiness of
uncorrected extinction, and near-IR observations of a high-
redshift SN Ia demonstrate that a large opacity from grayish
dust is unlikely (Riess et al. 2001). Non-SN constraints on
gray dust from QSOs observed in X-rays (Paerels et al. 2002;
K. Ninomiya, T. Yaqoob, & S. Khan 2003, private commu-
nication) and a partial or complete resolution of the far-IR
background by SCUBA (Chapman et al. 2003) place strin-
gent limits of less than a few percent of dimming at z ! 0:5
from gray dust.

Based on this evidence, we adopt in the following analysis
an a priori constraint that the net astrophysical contamination
of SN Ia distance measures does not exceed their statistical
uncertainty in their mean brightness. Quantitatively, our
adopted limit on systematics is defined to be 5% per !z at
z > 0:1.

First we consider the SN data within an FRW cosmology of
unknown curvature and mass density (with a flat prior on all
parameters), with the simplest description of a dark energy
component (i.e., a cosmological constant) using equation (11).
Joint confidence intervals in the "M -"# plane were derived
after numerical integration of the probability density P(H0) /
exp "#!2(H0)=2$ over all values of H0 and are shown in
Figure 8. Compared to the same analysis in Riess et al. (1998),
the gold sample presented here reduces the area of the 1 "
contour by a factor of 6 (a factor of 7 including the silver
sample). With the current sample, the 4 " confidence inter-
vals (i.e., >99.99% confidence) are now fully contained within
the region where "# > 0. The ‘‘concordance’’ model of "M !
0:27; "# ! 0:73 lies within the 1 " contour (although just
outside of it with the addition of the silver set). For a flat-
geometry prior, we measure "M ! 0:29%0:05

0:03 (equivalently,
"# ! 0:71). The HST-discovered SNe Ia alone decrease the
area of the 1 " contour by a factor of 1.5 (in the gold sample)
because of their high mean redshift.

An alternative approach with good precedent (Garnavich
et al. 1998; Perlmutter et al. 1999) is to consider a flat universe
and a generalized dark energy component parameterized by its
(assumed) constant equation of state w ! P=#c2. Flatness is
assumed either on theoretical grounds (i.e., as a consequence
of inflation) or on observational grounds from the character-
istic angular size scale of the CMB fluctuations (Spergel et al.
2003 and references therein). In this case the luminosity dis-
tance is given by

dL ! cH#1
0 (1& z)

Z z

0

dz
h
(1& z)3("M )

& (1# "M )(1& z)3'1&w(
i#1=2

: '13(

We determined the probability density in the "M -w plane
in the same manner as above, and the results are shown in
the left panel of Figure 9. The SN Ia data alone require w <
#0:5 for any value of "M at the 95% confidence level and
are consistent with w ! #1 (i.e., dark energy resembling
a cosmological constant) at the 68% confidence level for
0:20 < "M < 0:35.

  

  

  

  

  

  

  

  

  

Fig. 8.—Joint confidence intervals for ("M , "#) from SNe Ia. The solid
contours are results from the gold sample of 157 SNe Ia presented here. The
dotted contours are the results from Riess et al. (1998) illustrating the earlier
evidence for "# > 0. Regions representing specific cosmological scenarios are
illustrated. Contours are closed by their intersection with the line "M ! 0.
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Figure 4.1: Di!erence in distance modulus, as a function of redshift, for various
cosmologies relative to the current “consensus” cosmology ("m = 0.3, "! = 0.7).
The black curves show di!erences in distance modulus as a function of redshift for
cosmologies without dark energy, while the blue curves indicate the di!erence for
universes with the same densities as the “concordance” universe, but whose values of
w di!er by 10% from that of a cosmological constant.

able source of systematic error impacts our measurements and tabulate an appropriate

error budget.

The “signal chain” which takes raw digital images from the telescope through to

measurements of brightness to estimated distances and finally to cosmological pa-

rameters, is complex, with the potential for interplay between many subtle e!ects.

Rather than attempting to recreate this chain using Monte Carlo simulations to pro-

duce mock data sets, we have elected to estimate systematics by subjecting our actual

measurements to perturbations which mimic expected sources of systematic error. By

exaggerating each e!ect, we e!ectively measure dw/ds, the change in the equation

of state parameter in response to a systematic e!ect s. Then, by establishing some

estimate of the magnitude, !s, of each e!ect, we derive its contribution to the sys-
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Fig. 1.— Luminosity Distance and Cosmology
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(a) (b)

Figure 5. Trends in MLCS17 and SALT2 Hubble residual with host stellar mass (log M > 9.5). SNe with more massive hosts have Hubble residuals that are more
negative in the cases of (a) MLCS17 and (b) SALT2, consistent with the trend evident in Figure 4. Host stellar masses were measured using fits to ugriz photometry
with the PEGASE2 stellar population synthesis templates. The weighted averages of two bins separated by their masses yield a magnitude difference of 0.11 (2.3! ;
58) for MLCS17 and 0.11 (2.5! ; 60) for SALT2. When we fit for the trend with host stellar mass (") while holding # = $ = 0, only 0.2% (2.8! ; 58) of slopes drawn
from an MCMC analysis are greater than zero for MLCS17 and 0.4% (3.0! ; 60) for SALT2. In parentheses is the significance of a non-zero slope followed by the
number of SNe included in the fit. The upper panels plot the posterior slope distributions.
(A color version of this figure is available in the online journal.)

Table 9
Improvement in the Standard Deviation of Hubble Residuals after Subtracting Host-dependent Trend

Sample MLCS17 MLCS31 SALT SALT2

90% radius 0.193\0.184 0.222\0.210 0.168\0.156 0.185\0.175
90% radius (<30 kpc) 0.191\0.185 0.219\0.212 0.161\0.157 0.182\0.177
log M 0.193\0.182 0.222\0.208 0.168\0.167 0.185\0.178
log M (>9.5; GALEX, Neill 09) 0.159\0.143 0.192\0.180 0.174\0.159 0.163\0.150
log M (GALEX, Neill 09) 0.181\0.151 0.213\0.187 0.174\0.158 0.184\0.158

Notes. The first value is the standard deviation in magnitudes before, and the second value is the standard deviation in magnitudes after
subtracting the trend with host property, " ! (host property), determined from fits where we hold # = $ = 0.

Table 10
Improvement in the Standard Deviation of Hubble Residuals after Subtracting Host-dependent Trend from Simultaneous Fit

Sample MLCS17 MLCS31 SALT SALT2

90% radius 0.193\0.184 0.222\0.210 0.168\0.156 0.185\0.175
90% radius (<30 kpc) 0.191\0.185 0.219\0.212 0.161\0.157 0.182\0.177
log M 0.193\0.183 0.222\0.211 0.168\0.168 0.185\0.180
log M (>9.5; GALEX, Neill 09) 0.159\0.142 0.192\0.180 0.174\0.158 0.163\0.150
log M (GALEX, Neill 09) 0.181\0.151 0.213\0.188 0.174\0.158 0.184\0.158

Notes. First value is the standard deviation in magnitudes before, and the second value is the standard deviation in magnitudes after subtracting
the trend with host property, " ! (host property), but not the trends with light curve properties (#,$ ). Here the trend with host property (") is
determined in fits where we simultaneously fit for trends with light curve parameters (#,$ ).

6.5.1. Neill et al. (2009) Masses

We now repeat the analyses using stellar mass estimates
from Neill et al. (2009), which were fitted using GALEX
UV measurements in addition to SDSS u"g"r "i "z" magnitudes.
Because each Neill et al. (2009) host galaxy is required to
have UV as well as optical measurements, Neill et al. (2009)
measured masses for only 49 of the 70 SNe in our sample
with MLCS17 AV < 0.5. Fitting only for a trend in Hubble
residuals with host galaxy mass (") while holding # = $ =
0, the significance of a non-zero slope (") ranges from 2.3!
to 2.7! depending on the light curve fitter. The significance of

a difference between the bins’ weighted averages ranges from
1.8! to 3.2! among the light curve fitters.

Simultaneously fitting for and marginalizing over linear
trends (#,$ ) with light curve parameters, the significance of
a non-zero slope (") is 1.9! for all light curve fitters. The
joint posterior probability distributions do not reveal strong
degeneracies between the fit coefficients. Removing the best-
fitting trends with light curve parameters (#,$ ) from the Hubble
residuals after the simultaneous fit, a 1.6!–2.5! (2.1!–2.5!
without SALT2) difference between the bin weighted averages
remains.

Kelly et al. 2010
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Figure 2. Confidence contours in the cosmological parameters !m and w arising from fits to the combined SN Ia sample using the marginalization fitting approach,
illustrating various systematic effects in the cosmological fits. In all panels, the SNLS3 SN Ia contours are shown in blue and combined BAO/WMAP7 constraints
(Percival et al. 2010; Komatsu et al. 2011) in green. The combined constraints are shown in gray. The contours enclose 68.3%, 95.4%, and 99.7% of the probability,
and the horizontal line shows the value of the cosmological constant, w = !1. Upper left: the baseline fit, where the SNLS3 contours include statistical and all
identified systematic uncertainties. Upper right: the filled SNLS3 contours include statistical uncertainties only; the dotted open contours refer to the baseline fit with
all systematics included. Lower left: the filled SNLS3 contours exclude the SN Ia systematic uncertainties related to calibration. Lower right: the filled SNLS3 contours
result from fixing ! and " in the cosmological fits. See Tables 2 and 3 for numerical data.
(A color version of this figure is available in the online journal.)

We then present our main cosmological results. We investi-
gate a non-flat, w = !1 cosmology (fitting for !m and !$),
a flat, constant w cosmology (fitting for !m and w), a non-
flat cosmology with w free (fitting for w, !m, and !k), and a
cosmology where w(a) is allowed to vary via a simple linear
parameterization w(a) = w0 + wa(1 ! a) " w0 + waz/(1 + z)
(e.g., Chevallier & Polarski 2001; Linder 2003), fitting for !m,
w0, and wa . We always fit for !, ", and MB .

The confidence contours for !m and w in a flat universe
can be found in Figure 2 (upper left panel) for fits considering
all systematic and statistical uncertainties. Figure 2 also shows
the statistical-uncertainty-only cosmological fits in the upper
right panel. The best-fitting cosmological parameters and the
nuisance parameters !, ", M1

B , and M2
B , for convenience

converted to MB assuming H0 = 70 km s!1 Mpc!1 (in the
grid marginalization approach, H0 is not fit for as it is perfectly
degenerate with MB), are in Table 1 (for non-flat, w = !1 fits)
and Table 2 (for flat, constant w fits). We also list the parameters
obtained with the #2 minimization approach for comparison. All
the fits, with and without the inclusion of systematic errors, are

consistent with a w = !1 universe: we find w = !1.043+0.054
!0.055

(stat) and w = !1.068+0.080
!0.082 (stat+sys). For comparison, with

no external constraints (i.e., SNLS3-only) the equivalent values
are w = !0.90+0.16

!0.20 (stat) and w = !0.91+0.17
!0.24 (stat+sys) (C11).

The lower right panel of Figure 2 shows the importance of
allowing the nuisance parameters ! and " to vary in the fits,
rather than holding them fixed at their best-fit values. This
leads to not only smaller contours and hence underestimated
parameter uncertainties, but also a significant bias in the best-
fit parameters (Table 3). Holding ! and " fixed gives w =
!1.117+0.081

!0.082, a #0.6$ shift in the value of w compared to the
correct fit.

The residuals from the best-fitting cosmology as a function
of stretch and color can be found in Figure 3. No significant
remaining trends between stretch and Hubble residual are
apparent, but there is some evidence of a small trend between
SN Ia color and luminosity at C < 0.15 (indicating that these
SNe prefer a smaller ", or a shallower slope, than the global
value). We examine this, and related issues, in more detail in
Section 5.

7

Constraints on w (with Systematics)

Sullivan et al. 2011w = −1.061 ± 0.069 (stat + sys)
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dereddened by the Galactic reddening using the full-sky maps
of dust infrared emission (Schlegel et al. 1998).

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

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

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

3.2. Dust Absorption and Luminosity Standardization

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

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

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

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

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

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

The corresponding regression of MV
max with two variables,

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

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

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

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

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

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

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

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

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

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

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

Wang et al. 2009
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dereddened by the Galactic reddening using the full-sky maps
of dust infrared emission (Schlegel et al. 1998).

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

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

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

3.2. Dust Absorption and Luminosity Standardization

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

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

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

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

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

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

The corresponding regression of MV
max with two variables,

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

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

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

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

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

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

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

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

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

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

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

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

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

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

The corresponding regression of M
V
max with two variables,

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

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

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

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

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

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

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

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

V
max–!m15 relation does not show a significant

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

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

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

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

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

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

3.2. Dust Absorption and Luminosity Standardization

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

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

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

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

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

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

The corresponding regression of MV
max with two variables,

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

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

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

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

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

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

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

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

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

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

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

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

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

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

The corresponding regression of M
V
max with two variables,

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

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

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

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

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

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

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

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

V
max–!m15 relation does not show a significant

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

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

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

-20

-19

-18

-17

-16

Wang et al. 2009

AV



2 Values of RV?L142 WANG ET AL. Vol. 699

dereddened by the Galactic reddening using the full-sky maps
of dust infrared emission (Schlegel et al. 1998).

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

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

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

3.2. Dust Absorption and Luminosity Standardization

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

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

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

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

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

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

The corresponding regression of MV
max with two variables,

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

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

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

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

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

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

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

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

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

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

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

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

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

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

The corresponding regression of M
V
max with two variables,

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

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

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

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

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

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

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

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

V
max–!m15 relation does not show a significant

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

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

9 SN 2006lf was excluded from the fit. After correction for the Galactic
reddening E(B ! V )Gal = 0.97 mag with RV = 3.1, the V-band luminosity is
found to be higher than that of the typical SN Ia by about 0.7 mag, possibly
indicating a large uncertainty in the correction for Galactic reddening.
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Figure 2: Light-curve shape corrected peak abso-
lute magnitude as a function of measured color
excess for HV (red circles) and Normal (blue
squares) SNe Ia. Objects with larger redden-
ing are fainter because of host-galaxy extinc-
tion, with the lines representing the reddening
law for each sample. The groups have the same
slope, and thus reddening law, but are o!set by
0.08 mag in color, indicating an intrinsic color
di!erence.
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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 o!set
between the samples, but shifting the HV sample
blueward by 0.08 mag (red dashed line) makes the
two samples nearly indistinguishable, especially
for B ! V < 0.2 mag.

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

I have access to SDSS-II, ESSENCE, and PS1 data. I have received Magellan time for 2011A to
obtain spectra of high-z PS1 SNe with the express purpose of measuring vSi II. This pilot program
can be expanded using Magellan, the MMT, and LBT. Additional, high-quality data are required to
verify this result at high-z; however, a significant number of high-z SNe already have high-quality light
curves and su"cient spectra for an interesting result. I hope to work with Arizona grad students to
use smaller telescopes, which are well suited to observe nearby SNe, as well as Magellan, the MMT,
and LBT observations of SNe to pursue specific projects related to this result. These e!orts should be
critical to the success of the SN Ia component of future SN surveys. These studies will lay the ground
work for future cosmological analyses of SNe Ia with JWST, LSST, and possibly WFIRST. For those
experiments, GMT will be critical for measuring ejecta velocities of very distant (z > 1) SNe Ia.
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tion, with the lines representing the reddening
law for each sample. The groups have the same
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0.08 mag in color, indicating an intrinsic color
di!erence.

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

0.0

0.2

0.4

0.6

0.8

1.0

Fr
ac

tio
n

Normal SNe Ia
High!Velocity SNe Ia
Shifted High!Velocity SNe Ia

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

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

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

Foley & Kasen 2011
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Fig. 2.— Best-fit values to the slope and o!set 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 di"erence between SNe Ia
with 1 ! !m15(B) ! 1.5 mag and many of the SNe Ia
outside that range, we find it prudent to restrict our
analysis to this range. Additionally, the di"erences in
velocity populations for the three groups above and the
di"erent relation between velocity and velocity gradient
for SN 1991bg-like SNe Ia (see Figure 2) give further
reason to focus on the limited range in light-curve shape.
Finally, W09 found that “Normal” and “High-Velocity”
SNe Ia have similar light-curve shape and host-galaxy
morphology distributions over this range.

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

Si II as a function of
host-galaxy morphology for the F11 sample with 1 !
!m15(B) ! 1.5 mag. As found by Wang et al. (2009),

Velocity and Light-Curve Shape
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Fig. 7.— The light-curve shape and host-mass corrected peak
absolute B brightness as a function of Bmax ! Vmax. The color of
the symbol corresponds to the SN’s v0

Ca H&K
, with the color bar

at the top of the figure displaying the correspondence. The solid
black line represents the host-galaxy dust reddening of a zero-color
SN Ia. The deviations from this line in color is the intrinsic color
of a given SN.
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Fig. 8.— Same as Figure 7, except for the high-redshift sam-
ple with v0

Si II
measurements and with the symbols color-coded by

v0
Si II

.

intrinsic color is much better for the high-redshift sam-
ple than what was found for the low-redshift sample
(! = !0.24; FSK11), but similar for v0

Si II. Performing a
Bayesian Monte-Carlo linear regression on the v0

Ca H&K
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Fig. 9.— Maximum-light Ca II H&K velocity (v0
Ca H&K

) as a
function of intrinsic Bmax!Vmax pseudo-color for the high-redshift
sample of SNe Ia. The solid line is the best-fit linear model for
the data. The histograms (top panel) show the intrinsic Bmax !

Vmax pseudo-color distribution for subsamples split by v0
Ca H&K

=
!14, 000 km s!1, with the blue and red histograms representing
the low and high-velocity subsamples, respectively.

data (Kelly 2007), we find that 99.8% of the realizations
have a negative slope, corresponding to a 3.1-" result.
The best-fit relation is

(Bmax ! Vmax)0 = (!0.20 ± 0.06) ! (0.013 ± 0.004)

" (v0
Ca H&K/1000 km s!1) mag. (2)

It is somewhat surprising that the trend is statistically
significant since a linear trend was not significant for the
low-redshift sample (FSK11).

Performing the same analysis for v0
Si II, we find that

98.8% of the Monte Carlo realizations have a negative
slope, corresponding to only a 2.5-" result. Although
this does not qualify as a statistically significant result,
the best-fit line is similar to that of the low-redshift sam-
ple. The relatively small number of high-velocity events
(11/40 SNe Ia with a v0

Si II measurement have velocities
above !11, 800 km s!1) likely contributes to the low sig-
nificance. Additional high-redshift data should be able
to determine if the linear relation is real.

Along with the linear analysis, we examine the
v0
Ca H&K and v0

Si II samples after splitting them into low
and high-velocity (using !14, 000 and !11, 800 km s!1

for v0
Ca H&K and v0

Si II, respectively). As shown by the
histograms in Figures 9 and 10, the low and high-velocity
subsamples are o!set in intrinsic color. The low/high-
velocity subsamples have mean (Bmax ! Vmax)0 pseudo-
colors of !0.028±0.008 / 0.013±0.006 and !0.005±0.006
/ 0.030 ± 0.009 mag for the v0

Ca H&K and v0
Si II samples,

respectively. For both measurements of the ejecta veloc-
ity, there is an #0.04 mag o!set between the low and
high-velocity average intrinsic colors that is significant

Color-Velocity Relation at High Redshift

Foley 2012
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Fig. 3.— v0
Si II

CDF for the FSK11 (black) and high-redshift
(red) samples.

high redshift, then the di!erential extinction correction
will be incorrect. To test this possibility, we compare
the velocity distributions of the FSK11 and high-redshift
samples. The FSK11 sample may not completely over-
lap with the Conley et al. (2011) low-redshift cosmol-
ogy sample, but it is representative of the observed low-
redshift population. Similarly, the culled high-redshift
sample presented here should be representative of the
full high-redshift sample (with the same light-curve pa-
rameters). To mitigate any possible correlation be-
tween highly reddened SNe Ia (which are not found at
high redshift) and velocity, we remove all SNe Ia with
Bmax ! Vmax > 0.4 mag from the FSK11 sample.

Figures 3 and 4 present the v0
Si II and v0

Ca H&K cumula-
tive distribution functions (CDFs), respectively, for the
FSK11 and high-redshift samples. The two samples ap-
pear relatively similar for both quantities. K-S tests re-
sult in p-values of 0.10 and 0.20 for v0

Si II and v0
Ca H&K,

respectively. From these tests, there is no indication that
the samples are pulled from di!erent parent populations
in regard to ejecta velocity.

There is no significant velocity o!set between the low
and high-redshift samples. As will be shown in Sec-
tion 4.2, ejecta velocity and intrinsic color are correlated
for our high-redshift sample. Assuming that the relations
between ejecta velocity and intrinsic color are the same at
low and high redshift and since the low and high-redshift
samples have similar ejecta velocity distributions, it is
unlikely that the low and high-redshift samples have sig-
nificantly di!erent intrinsic colors. Therefore, it is un-
likely that cosmological measurements are highly biased
by not accounting for the velocity-color relation. How-
ever, the high-redshift samples are still small, and even
a small o!set could a!ect cosmological measurements.
Future surveys and studies should consider the possibil-
ity of a di!erence in low and high-redshift SN Ia ejecta
velocities.
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Fig. 4.— v0
Ca H&K

CDF for the FSK11 (black) and high-redshift
(red) samples.

4.2. Correlation Between Ejecta Velocity and Color

FK11 showed that SNe Ia with high ejecta velocity
(as determined by Si II !6355) have redder intrinsic
Bmax !Vmax colors than SNe Ia with low ejecta velocity.
FSK11 showed this relation held when using Ca H&K
to determine ejecta velocity and further showed that a
linear function adequately describes the relation between
intrinsic Bmax !Vmax ((Bmax !Vmax)0) and v0

Si II. Here,
we test the relation between ejecta velocity and intrinsic
color for the high-redshift sample. If this relation evolves
with redshift, cosmological measurements can be signifi-
cantly a!ected.

Unfortunately, there are no published measurements
of Bmax ! Vmax for the high-redshift sample. However,
there are measurements of C, the color parameter from
SiFTO (Conley et al. 2008). SiFTO does not attempt
to distinguish intrinsic color and dust extinction, and
parameterizes di!erences in apparent color as a single
parameter, C. Examining this parameter is similar to
examining an observed Bmax ! Vmax. The high-redshift
sample consists of SNe Ia with little to no dust redden-
ing. Therefore, using C as a proxy for intrinsic color is a
reasonable first approximation.

Figure 5 presents v0
Ca H&K as a function of C for the

high-redshift sample. Performing a Bayesian Monte-
Carlo linear regression on the data (Kelly 2007) with
2 " 106 realizations, we find that 99.995% of the real-
izations have a negative slope (all but 11), which corre-
sponds to a 4.0-" result. The linear correlation coe"cient
is !0.61. There is a strong relation between ejecta veloc-
ity and observed color for the high-redshift sample, with
the higher-velocity SNe Ia having redder colors. This is
similar to what was found for the low-redshift sample
(Pignata et al. 2008; Wang et al. 2009).

Performing the same analysis with v0
Si II, we find a

worse linear correlation coe"cient of !0.28 and the linear

No Obvious Bias at High Redshift

Foley 2012
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Fig. 11.— Left panel: v0
Ca H&K

for the v0
Ca H&K

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

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

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

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

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

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

5. DISCUSSION & CONCLUSIONS

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

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

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

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

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

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

Si II measurements
at high redshift.

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

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

Velocity Related to Host Galaxy?

Foley 2012
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Dark Energy Survey Supernova Survey

4 m mirror
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SN Survey
0.4 < z < 1.2
~4000 SNe Ia



LSST
0 < z < 1
2018?
20,000 SNe Ia / year

WFIRST
0.4 < z < 1.5
2022?
100 SNe Ia / Δz = 0.1



Conclusions

SNe Ia continue to be the best way to 
measure w and H0, and are very useful 
for other parameters

Systematic errors are similar in size to 
statistical errors

Future SN cosmology surveys
(DES, LSST, WFIRST)
may need spectroscopy, host info, etc











ESSENCE Survey
6 Year Survey

Constrain w to 10%

~200 SNe Ia

0.2 < z < 0.8

Focus on systematics



SDSS II SN Survey
3 Year Survey

Measure a few 
hundred high-quality 
SNe Ia

0.05 < z < 0.4

Work in the “redshift 
desert”

Large volume to 
find peculiar objects



galaxies becomes negligible. In other words, in the absence of
host galaxy dust extinction, all the points (except U ) would lie
along some horizontal line near the top of the graph. This is
most directly interpreted as the difference of the distance moduli
(! !!) of the two objects.20

We have carried out amultidimensional"2 minimization to find
the values of RV ,AV , and!! that give the best match to the values
in column (5) of Table 6. See Table 7 and Figure 15.We findRV "
2:15#0:24

$0:22,AV " 0:472 % 0:025mag, and!! " 1:936mag. Note
the close agreement ofAV and!!with the values obtained from a
consideration of the V $ &JHK' color curves of SNe 2001el and
2004S.

Using only BVRI data we find RV " 2:51#0:50
$0:36. This is statis-

tically in agreement with the values of Jha et al. (2007) and

Wang et al. (2003b) for the host galaxy dust of SN 2001el.
However, our value derived from BVRIJHK data is consider-
ably smaller than that of Wang et al. (2003b) derived from
polarization data. Our ‘‘best’’ value implies that the dust in the
host of SN 2001el had an RV value considerably less than the
canonical Galactic value of 3.1.

In Figure 15 we show the 1 # contours of our extinction so-
lutions using four-, five-, and seven-filter photometry. As the
number of filters and their wavelength range increase, the con-
tours become smaller and rounder. In Table 7 one can see how
the uncertainties decrease as the number of filters increases from
four to six. Adding the K-band data changed the solution only
slightly. This is undoubtedly due to the larger uncertainty of the
magnitude shift necessary to fit the SN 2004S K-band data with
the corresponding SN 2001el template.

We can estimate the total V-band extinction of SN 2001el as
follows. The extinction due to Galactic dust along the line of
sight is AV (Gal) " 0:043 % 0:004mag. The host galaxy V-band
extinction of SN 2001el is 0:472 % 0:025 mag (difference of
SNe 2001el and 2004S) plus the host galaxy extinction of
SN 2004S [0:071 % 0:043 mag from VJHK data, but possibly
zero if we rely on the !m15(B) solution using BVRI data]. For
SN 2001el AV (tot) " 0:586 % 0:050 mag. This compares very
well with our previously published value of 0:57 % 0:05 mag
(Krisciunas et al. 2003).

5. MODELING DISTANCE UNCERTAINTY AND DUST

For Type Ia SNe to be useful as accurate probes for cosmol-
ogy it is important that systematic errors be minimized. Future
probes of dark energy properties will need to control systematic
uncertainties to better than a few percent to provide useful con-
straints (G. Miknaitis et al. 2007, in preparation). For a typical
E(B$ V ) ( 0:10mag, a systematic error of 0.2 in RV leads to a
systematic error of 0.02 mag in the distance modulus. The range
of extinction properties seen in nearby SNe, such as SN 2004S,
suggests that it is important to measure the extinction law to avoid
making a systematic error in distance determination. But our
photometry of SN 2004S shows how difficult it is to precisely
constrain RV using just four optical filter bands.

To better understand howwell dust extinction can be corrected
in a sample of well-observed Type Ia SNe, we have simulated the

Fig. 14.—Values from col. (5) of Table 6 vs. the wavelengths of the photo-
metric bands. In the limit as the wavelength tends to infinity we obtain a measure
of the difference of the distance moduli of SNe 2001el and 2004S (horizontal
dashed line). The solid line is the (RV " 2:15) solution that minimizes the "2

statistic of the fit. The dashed line shows that normal Galactic dust with RV " 3:1
does not fit the data points as well. [See the electronic edition of the Journal for a
color version of this figure.]

TABLE 7

Extinction Solutions

Filters RV AV
a !!b

BVRI ....................................... 2:51#0:50
$0:36 0:534#0:075

$0:057 1.994
BVRIJ ..................................... 2:02#0:30

$0:28 0:451#0:041
$0:043 1.916

BVRIJH .................................. 2:14#0:24
$0:22 0:470#0:027

$0:026 1.934

BVRIJHK................................ 2:15#0:24
$0:22 0:472#0:025

$0:025 1.936

Note.—Upper and lower 1 # errors are given.
a Difference of V-band extinction of SNe 2001el and 2004S in magnitudes.
b Implied difference of distancemoduli of SNe 2001el and 2004S inmagnitudes.

Fig. 15.—Contours in the AV -RV plane. The X-axis represents possible val-
ues of the difference of the host galaxy V-band extinction of SN 2001el vs. SN
2004S. The Y-axis represents the value of RV pertaining primarily to the dust in
the host of SN 2001el. We plot the 68% contour levels for three solutions, using
four-, five-, and seven-filter photometry, respectively.

20 Because Type Ia SNe exhibit an intrinsic dispersion at any given decline
rate of %0.15 mag, two objects with identical explosion mechanisms, or at least
producing the same amount of 56Ni, would not necessarily give the exact same
extinction-corrected absolute magnitudes. And even if the two objects produced
the same number of ergs per second, the explosions could be asymmetric. One
elongated fireball might be observed end-on, while the other could be observed
side-on, giving different apparent brightnesses.

TYPE Ia SUPERNOVA 2004S 69No. 1, 2007
Individual SNe Have Low RV

Krisciunas et al. 2007
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most directly interpreted as the difference of the distance moduli
(! !!) of the two objects.20

We have carried out amultidimensional"2 minimization to find
the values of RV ,AV , and!! that give the best match to the values
in column (5) of Table 6. See Table 7 and Figure 15.We findRV "
2:15#0:24

$0:22,AV " 0:472 % 0:025mag, and!! " 1:936mag. Note
the close agreement ofAV and!!with the values obtained from a
consideration of the V $ &JHK' color curves of SNe 2001el and
2004S.

Using only BVRI data we find RV " 2:51#0:50
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tically in agreement with the values of Jha et al. (2007) and
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However, our value derived from BVRIJHK data is consider-
ably smaller than that of Wang et al. (2003b) derived from
polarization data. Our ‘‘best’’ value implies that the dust in the
host of SN 2001el had an RV value considerably less than the
canonical Galactic value of 3.1.

In Figure 15 we show the 1 # contours of our extinction so-
lutions using four-, five-, and seven-filter photometry. As the
number of filters and their wavelength range increase, the con-
tours become smaller and rounder. In Table 7 one can see how
the uncertainties decrease as the number of filters increases from
four to six. Adding the K-band data changed the solution only
slightly. This is undoubtedly due to the larger uncertainty of the
magnitude shift necessary to fit the SN 2004S K-band data with
the corresponding SN 2001el template.

We can estimate the total V-band extinction of SN 2001el as
follows. The extinction due to Galactic dust along the line of
sight is AV (Gal) " 0:043 % 0:004mag. The host galaxy V-band
extinction of SN 2001el is 0:472 % 0:025 mag (difference of
SNe 2001el and 2004S) plus the host galaxy extinction of
SN 2004S [0:071 % 0:043 mag from VJHK data, but possibly
zero if we rely on the !m15(B) solution using BVRI data]. For
SN 2001el AV (tot) " 0:586 % 0:050 mag. This compares very
well with our previously published value of 0:57 % 0:05 mag
(Krisciunas et al. 2003).

5. MODELING DISTANCE UNCERTAINTY AND DUST

For Type Ia SNe to be useful as accurate probes for cosmol-
ogy it is important that systematic errors be minimized. Future
probes of dark energy properties will need to control systematic
uncertainties to better than a few percent to provide useful con-
straints (G. Miknaitis et al. 2007, in preparation). For a typical
E(B$ V ) ( 0:10mag, a systematic error of 0.2 in RV leads to a
systematic error of 0.02 mag in the distance modulus. The range
of extinction properties seen in nearby SNe, such as SN 2004S,
suggests that it is important to measure the extinction law to avoid
making a systematic error in distance determination. But our
photometry of SN 2004S shows how difficult it is to precisely
constrain RV using just four optical filter bands.

To better understand howwell dust extinction can be corrected
in a sample of well-observed Type Ia SNe, we have simulated the

Fig. 14.—Values from col. (5) of Table 6 vs. the wavelengths of the photo-
metric bands. In the limit as the wavelength tends to infinity we obtain a measure
of the difference of the distance moduli of SNe 2001el and 2004S (horizontal
dashed line). The solid line is the (RV " 2:15) solution that minimizes the "2

statistic of the fit. The dashed line shows that normal Galactic dust with RV " 3:1
does not fit the data points as well. [See the electronic edition of the Journal for a
color version of this figure.]

TABLE 7

Extinction Solutions

Filters RV AV
a !!b

BVRI ....................................... 2:51#0:50
$0:36 0:534#0:075

$0:057 1.994
BVRIJ ..................................... 2:02#0:30

$0:28 0:451#0:041
$0:043 1.916

BVRIJH .................................. 2:14#0:24
$0:22 0:470#0:027

$0:026 1.934

BVRIJHK................................ 2:15#0:24
$0:22 0:472#0:025

$0:025 1.936

Note.—Upper and lower 1 # errors are given.
a Difference of V-band extinction of SNe 2001el and 2004S in magnitudes.
b Implied difference of distancemoduli of SNe 2001el and 2004S inmagnitudes.

Fig. 15.—Contours in the AV -RV plane. The X-axis represents possible val-
ues of the difference of the host galaxy V-band extinction of SN 2001el vs. SN
2004S. The Y-axis represents the value of RV pertaining primarily to the dust in
the host of SN 2001el. We plot the 68% contour levels for three solutions, using
four-, five-, and seven-filter photometry, respectively.

20 Because Type Ia SNe exhibit an intrinsic dispersion at any given decline
rate of %0.15 mag, two objects with identical explosion mechanisms, or at least
producing the same amount of 56Ni, would not necessarily give the exact same
extinction-corrected absolute magnitudes. And even if the two objects produced
the same number of ergs per second, the explosions could be asymmetric. One
elongated fireball might be observed end-on, while the other could be observed
side-on, giving different apparent brightnesses.
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Figure 5. MB versus !m15(B) relation: filled circles indicate objects whose distances are given by Tully’s catalogue, open symbols are objects whose distances

are calculated from their recession velocity. The linear fit is weighted in both axes (Press 1992). (a) Only the galactic reddening correction is applied. Number

of objects used for the linear fit n = 73, dispersion " = 0.83. (b) Both Galactic and host-galaxy reddening corrections are applied. The outliers, marked with

a cross, are (from left to right, from top to bottom): SN 1996ai, which is characterized by high and not well-known reddening; SN 1986G, another highly

reddened event; SNe 1992K, 1999da, 1998de, 1991bg, which are peculiar subluminous events. The latter group seem to form a separate class and do not fit the

linear relation defined by all the others. n = 67, " = 0.31. (c) As the previous case, but selecting only SNe with E(B ! V ) < 0.1 and small errors (<0.2) in

!m 15(B). n = 26, " = 0.20, RB = 3.5.

Figure 6. Dispersion of the MB–!m15 relation for various values of RB.

The sample is the same as in Fig. 5(b). The filled square corresponds to

RB = 4.315. The minimum corresponds to RB = 3.5.

As a final test we plot MB–!m 15(B) for the subsample of 26 SNe

with E(B ! V ) < 0.1 and well measured !m 15 (!m 15 uncertainties

<0.2) (see also Phillips et al. 1999; Freedman et al. 2001). This

has two advantages: it gives a more homogeneous sample, and the

uncertainties related to the host-galaxy extinction correction are

reduced. The result, shown in Fig. 5(c), is a very tight relation with

dispersion " = 0.20.

A comparison of our results, reported in Table 2, with those ob-

tained from 26 SNe of the Calán/Tololo survey (Hamuy et al. 1996c)

shows that we find a slightly steeper slope: in the range 1.061 ±

0.154 to 1.102 ± 0.147, depending on the sample, compared with

0.784 ± 0.182 from Hamuy et al. (1996c). It is interesting to note

that the difference disappears if, as in Hamuy et al. (1996c), we

neglect the host-galaxy extinction correction (a = 0.855 ± 0.182).

The next step is to determine the zero point of the MB–!m 15(B)

relation by means of Cepheid-calibrated SNe.

Figure 7. Distribution of the host-galaxy extinction E(B ! V )host. Left:

SNe with recession velocity lower than 3000 km s!1; right: SNe with reces-

sion velocity higher than 3000 km s!1.

2.4 Effect of the metal content on the Cepheid distance scale

Classical Cepheids are fundamental primary distance indicators,

thanks to their characteristic Period–Luminosity (PL) and Period–

Luminosity–Colour (PLC) relations. Such relations, once cali-

brated, allow one to evaluate distances of the order of 3 Mpc from

ground-based observations and of about 30 Mpc from space ob-

servations (HST , Freedman et al. (2001) and references therein).

Moreover, the Cepheid distance scale constrains the evaluation of the

Hubble constant H 0 through the calibration of secondary distance

indicators. This implies that any systematic error on the Cepheids

as standard candles may affect the inferred extragalactic distance

scale and, in turn, the value of H 0.

In recent years, one of the most debated issues concerning the

extragalactic distance scale has been the possible dependence of

Cepheid properties on the chemical composition of the host stellar

C" 2004 RAS, MNRAS 349, 1344–1352

Samples of SNe Have Low RV

Altavilla et al. 2004

= RV + 1
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neglect the host-galaxy extinction correction (a = 0.855 ± 0.182).
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brated, allow one to evaluate distances of the order of 3 Mpc from

ground-based observations and of about 30 Mpc from space ob-

servations (HST , Freedman et al. (2001) and references therein).

Moreover, the Cepheid distance scale constrains the evaluation of the

Hubble constant H 0 through the calibration of secondary distance

indicators. This implies that any systematic error on the Cepheids
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scale and, in turn, the value of H 0.
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Figure 8. Joint confidence contours between the nuisance parameters !, M1
B (left), and M2

B (right) for low-stretch (solid line) and high-stretch (dashed line) SNe Ia,
using the restricted SN Ia sample described in Section 5.2. The contours enclose 68.3% and 95.4% of the probability, and the fits include all systematic uncertainties.
Only mild tensions exist.

divide the sample into two, for comparison with Section 5.2, in
Table 8.) Note that in these fits we do not include the host galaxy
systematic term, as we are trying to examine the effect of any
host galaxy dependence.

The “multi nuisance parameter” fit results are shown in
Table 9, which gives the values of the nuisance parameters
themselves, and Table 10, which gives the effect on w and
"2. The joint confidence contours for some of the nuisance
parameters are shown in Figure 9. For completeness, we also
give results when only one MB is used.

The data do not support the addition of a different ! parameter
in low- and high-mass galaxies—when this is added to the fits,
the ! values are generally consistent and the quality of the fit, as
indicated by "2, is unchanged. This is true even when only one
MB is used in the fits, and suggests that ! is fairly insensitive to
the details of the environment and characteristics of the SN Ia
progenitor stellar population.

However, there is evidence of different MB (as already fit for)
and different #. The value of # is !3.7 in low-mass galaxies,
versus !2.8 in high-mass galaxies, regardless of whether two
MB are used. A similar trend is seen when physically dividing
the sample into two and performing separate independent fits
as in the previous section (Table 8), and is consistent with
the # difference seen between low- and high-stretch SNe in
Section 5.2, as low-stretch SNe are preferentially found in
massive host galaxies. Generally, the two # values show only a
very small positive covariance and differ at the !4.3$ level.
There is also a substantial reduction in "2 of the fit when
including two # terms. For example, fitting for two #s and
two MB reduces "2 to 405.4 from 423.1 obtained if only one
# is used (for 465 and 466 dof). An F-test indicates that this
additional term is required at "4.5$ .

The variation of # with host properties has been observed
at lower significance by Sullivan et al. (2010) in the SNLS
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Figure 9. Joint confidence contours in the nuisance parameters # and MB (left) and ! and MB (right), allowing all the nuisance parameters to vary according to host
galaxy stellar mass. !1/#1/M1

B refer to SNe Ia in hosts with Mstellar ! 1010M# and !2/#2/M2
B to SNe Ia in hosts with Mstellar > 1010 M#. The full SNLS3 sample is

used, and all systematic uncertainties are included. A significant variation in # with host Mstellar is observed.
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dereddened by the Galactic reddening using the full-sky maps
of dust infrared emission (Schlegel et al. 1998).

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

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

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

3.2. Dust Absorption and Luminosity Standardization

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

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

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

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

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

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

The corresponding regression of MV
max with two variables,

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

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

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

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

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

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

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

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

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

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

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

Wang et al. 2009
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