
Supernova Cosmology:
Successes, Challenges, &
Prospects

Ryan Foley
University of Illinois



Supernova Cosmology:
Past, Present, &
Future

Ryan Foley
University of Illinois



Part 1: Successes
(The Past)



White Dwarf in
Binary System
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Explodes and is
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SNe Ia Are Exploding White Dwarfs
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SNe Ia Are Luminous Standard Candles
Peak luminosity
σ = 0.6 mag

Peak absolute mag
V ≈ -19.5 mag!  

Detectable at high 
redshifts
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Standard Candles And Distances
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Standard Candles And Distances

D = (L/4πF)1/2Obs:



Standard Candles And Distances

D = (L/4πF)1/2Obs:
D = f(z, Ω, w(z), etc)Theory:
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Calibrating the Nearly Standard Candle
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Dust Makes Things Fainter/Redder

RV =      / E(B-V)AV

µ = m - M - AV
   = m - M - E(B-V) RV



σ = 0.44 
mag

σ = 0.18 
mag!

Calibrating SNe Ia



Accelerating Universe!

Riess et al. 1998
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FIG. 6.ÈJoint conÐdence intervals for from SNe Ia. The solid()
M

, )")
contours are results from the MLCS method applied to well-observed SNe
Ia light curves together with the snapshot method et al.(Riess 1998b)
applied to incomplete SNe Ia light curves. The dotted contours are for the
same objects excluding the unclassiÐed SN 1997ck (z\ 0.97). Regions rep-
resenting speciÐc cosmological scenarios are illustrated. Contours are
closed by their intersection with the line )

M
\ 0.

The normalized PDF comes from dividing this relative
PDF by its sum over all possible states,
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neglecting the unphysical regions. The most likely values for
the cosmological parameters and preferred regions of
parameter space are located where is mini-equation (4)
mized or, alternately, is maximized.equation (10)

The Hubble constants as derived from the MLCS
method, 65.2 ^ 1.3 km s~1 Mpc~1, and from the template-
Ðtting approach, 63.8 ^ 1.3 km s~1 Mpc~1, are extremely
robust and attest to the consistency of the methods. These
determinations include only the statistical component of
error resulting from the point-to-point variance of the mea-
sured Hubble Ñow and do not include any uncertainty in
the absolute magnitude of SN Ia. From three photoelec-
trically observed SNe Ia, SN 1972E, SN 1981B, and SN
1990N (Saha et al. the SN Ia absolute magni-1994, 1997),
tude was calibrated from observations of Cepheids in the
host galaxies. The calibration of the SN Ia magnitude from
only three objects adds an additional 5% uncertainty to the
Hubble constant, independent of the uncertainty in the zero
point of the distance scale. The uncertainty in the Cepheid

distance scale adds an uncertainty of D10% to the derived
Hubble constant & Walker(Feast 1987 ; Kochanek 1997 ;

& Freedman A realistic determination of theMadore 1998).
Hubble constant from SNe Ia would give 65 ^ 7 km s~1

Mpc~1, with the uncertainty dominated by the systematic
uncertainties in the calibration of the SN Ia absolute magni-
tude. These determinations of the Hubble constant employ
the Cepheid distance scale of & FreedmanMadore (1991),
which uses a distance modulus to the Large Magellanic
Cloud (LMC) of 18.50 mag. Parallax measurements by the
Hipparcos satellite indicate that the LMC distance could be
greater, and hence our inferred Hubble constant smaller, by
5% to 10% though not all agree with the inter-(Reid 1997),
pretation of these parallaxes & Freedman(Madore 1998).
All subsequent indications in this paper for the cosmo-
logical parameters and are independent of the value)

M
)"for the Hubble constant or the calibration of the SN Ia

absolute magnitude.
Indications for and independent from can be)

M
)", H
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,

found by reducing our three-dimensional PDF to two
dimensions. A joint conÐdence region for and is)

M
)"derived from our three-dimensional likelihood space
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FIG. 7.ÈJoint conÐdence intervals for from SNe Ia. The solid()
M

, )")
contours are results from the template-Ðtting method applied to well-
observed SNe Ia light curves together with the snapshot method et(Riess
al. applied to incomplete SNe Ia light curves. The dotted contours1998b)
are for the same objects excluding the unclassiÐed SN 1997ck (z\ 0.97).
Regions representing speciÐc cosmological scenarios are illustrated. Con-
tours are closed by their intersection with the line )

M
\ 0.
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FIG. 7.ÈBest-!t con!dence regions in the plane for our primary)
M

-)"analysis, !t C. The 68%, 90%, 95%, and 99% statistical con!dence regions
in the plane are shown, after integrating the four-dimensional !t)

M
È)"over and a. (See footnote 11 for a link to the table of this two-M

Bdimensional probability distribution.) See Fig. 5e for limits on the small
shifts in these contours due to identi!ed systematic uncertainties. Note that
the spatial curvature of the universeÈopen, Ñat, or closedÈis not determi-
native of the future of the universeÏs expansion, indicated by the near-
horizontal solid line. In cosmologies above this near-horizontal line the
universe will expand forever, while below this line the expansion of the
universe will eventually come to a halt and recollapse. This line is not quite
horizontal, because at very high mass density there is a region where the
mass density can bring the expansion to a halt before the scale of the
universe is big enough that the mass density is dilute with respect to the
cosmological constant energy density. The upper-left shaded region,
labeled ““ no big bang,ÏÏ represents ““ bouncing universe ÏÏ cosmologies with
no big bang in the past (see Carroll et al. 1992). The lower right shaded
region corresponds to a universe that is younger than the oldest heavy
elements (Schramm 1990) for any value of km s~1 Mpc~1.H0 º 50

on that day : the distribution, abundances, excitations, and
velocities of the elements that the photons encounter as they
leave the expanding photosphere all imprint on the spectra.
So far, the high-redshift supernovae that have been studied
have light-curve shapes just like those of low-redshift super-
novae (see Goldhaber et al. 1999), and their spectra show
the same features on the same day of the light curve as their
low-redshift counterparts having comparable light-curve
width. This is true all the way out to the z \ 0.83 limit of the
current sample (Perlmutter et al. 1998b). We take this as a
strong indication that the physical parameters of the super-
nova explosions are not evolving signi!cantly over this time
span.

Theoretically, evolutionary e†ects might be caused by
changes in progenitor populations or environments. For

example, lower metallicity and more massive SN Ia-
progenitor binary systems should be found in younger
stellar populations. For the redshifts that we are consider-
ing, z \ 0.85, the change in average progenitor masses may
be small (Ruiz-Lapuente, Canal, & Burkert 1997 ; Ruiz-
Lapuente 1998). However, such progenitor mass di†erences
or di†erences in typical progenitor metallicity are expected
to lead to di†erences in the !nal C/O ratio in the exploding
white dwarf and hence a†ect the energetics of the explosion.
The primary concern here would be if this changed the
zero-point of the width-luminosity relation. We can look for
such changes by comparing light curve rise times between
low- and high-redshift supernova samples, since this is a
sensitive indicator of explosion energetics. Preliminary indi-
cations suggest that no signi!cant rise-time change is seen,
with an upper limit of day for our sample (see forth-[1
coming high-redshift studies of Goldhaber et al. 1999 and
Nugent et al. 1998 and low-redshift bounds from Vacca &
Leibundgut 1996, Leibundgut et al. 1996b, and Marvin &
Perlmutter 1989). This tight a constraint on rise-time
change would theoretically limit the zero-point change to
less than D0.1 mag (see Nugent et al. 1995 ; Ho" Ñich,
Wheeler, & Thielemann 1998).

A change in typical C/O ratio can also a†ect the ignition
density of the explosion and the propagation characteristics
of the burning front. Such changes would be expected to
appear as di†erences in light-curve timescales before and
after maximum & Khokhlov 1996). Preliminary(Ho" Ñich
indications of consistency between such low- and high-
redshift light-curve timescales suggest that this is probably
not a major e†ect for our supernova samples (Goldhaber et
al. 1999).

Changes in typical progenitor metallicity should also
directly cause some di†erences in SN Ia spectral features

et al. 1998). Spectral di†erences big enough to(Ho" Ñich
a†ect the B- and V -band light curves (see, e.g., the extreme
mixing models presented in Fig. 9 of et al. 1998)Ho" Ñich
should be clearly visible for the best signal-to-noise ratio
spectra we have obtained for our distant supernovae, yet
they are not seen (Filippenko et al. 1998 ; Hook et al. 1998).
The consistency of slopes in the light-curve width-
luminosity relation for the low- and high-redshift super-
novae can also constrain the possibility of a strong
metallicity e†ect of the type that et al. (1998)Ho" Ñich
describes.

An additional concern might be that even small changes
in spectral features with metallicity could in turn a†ect the
calculations of K-corrections and reddening corrections.
This e†ect, too, is very small, less than 0.01 mag, for photo-
metric observations of SNe Ia conducted in the rest-frame B
or V bands (see Figs. 8 and 10 of et al. 1998), as isHo" Ñich
the case for almost all of our supernovae. (Only two of our
supernovae have primary observations that are sensitive to
the rest-frame U band, where the magnitude can change by
D0.05 mag, and these are the two supernovae with the
lowest weights in our !ts, as shown by the error bars of Fig.
2. In general the I-band observations, which are mostly
sensitive to the rest-frame B band, provide the primary light
curve at redshifts above 0.7.)

The above analyses constrain only the e†ect of
progenitor-environment evolution on SN Ia intrinsic lumi-
nosity ; however, the extinction of the supernova light could
also be a†ected, if the amount or character of the dust
evolves, e.g., with host galaxy age. In ° 4.1, we limited the

Perlmutter et al. 1999
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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-

Measuring w is Hard

ΛCDM
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FIG. 6.ÈJoint conÐdence intervals for from SNe Ia. The solid()
M

, )")
contours are results from the MLCS method applied to well-observed SNe
Ia light curves together with the snapshot method et al.(Riess 1998b)
applied to incomplete SNe Ia light curves. The dotted contours are for the
same objects excluding the unclassiÐed SN 1997ck (z\ 0.97). Regions rep-
resenting speciÐc cosmological scenarios are illustrated. Contours are
closed by their intersection with the line )

M
\ 0.

The normalized PDF comes from dividing this relative
PDF by its sum over all possible states,
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neglecting the unphysical regions. The most likely values for
the cosmological parameters and preferred regions of
parameter space are located where is mini-equation (4)
mized or, alternately, is maximized.equation (10)

The Hubble constants as derived from the MLCS
method, 65.2 ^ 1.3 km s~1 Mpc~1, and from the template-
Ðtting approach, 63.8 ^ 1.3 km s~1 Mpc~1, are extremely
robust and attest to the consistency of the methods. These
determinations include only the statistical component of
error resulting from the point-to-point variance of the mea-
sured Hubble Ñow and do not include any uncertainty in
the absolute magnitude of SN Ia. From three photoelec-
trically observed SNe Ia, SN 1972E, SN 1981B, and SN
1990N (Saha et al. the SN Ia absolute magni-1994, 1997),
tude was calibrated from observations of Cepheids in the
host galaxies. The calibration of the SN Ia magnitude from
only three objects adds an additional 5% uncertainty to the
Hubble constant, independent of the uncertainty in the zero
point of the distance scale. The uncertainty in the Cepheid

distance scale adds an uncertainty of D10% to the derived
Hubble constant & Walker(Feast 1987 ; Kochanek 1997 ;

& Freedman A realistic determination of theMadore 1998).
Hubble constant from SNe Ia would give 65 ^ 7 km s~1

Mpc~1, with the uncertainty dominated by the systematic
uncertainties in the calibration of the SN Ia absolute magni-
tude. These determinations of the Hubble constant employ
the Cepheid distance scale of & FreedmanMadore (1991),
which uses a distance modulus to the Large Magellanic
Cloud (LMC) of 18.50 mag. Parallax measurements by the
Hipparcos satellite indicate that the LMC distance could be
greater, and hence our inferred Hubble constant smaller, by
5% to 10% though not all agree with the inter-(Reid 1997),
pretation of these parallaxes & Freedman(Madore 1998).
All subsequent indications in this paper for the cosmo-
logical parameters and are independent of the value)

M
)"for the Hubble constant or the calibration of the SN Ia

absolute magnitude.
Indications for and independent from can be)

M
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found by reducing our three-dimensional PDF to two
dimensions. A joint conÐdence region for and is)
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)"derived from our three-dimensional likelihood space
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FIG. 7.ÈJoint conÐdence intervals for from SNe Ia. The solid()
M

, )")
contours are results from the template-Ðtting method applied to well-
observed SNe Ia light curves together with the snapshot method et(Riess
al. applied to incomplete SNe Ia light curves. The dotted contours1998b)
are for the same objects excluding the unclassiÐed SN 1997ck (z\ 0.97).
Regions representing speciÐc cosmological scenarios are illustrated. Con-
tours are closed by their intersection with the line )

M
\ 0.



M. Betoule et al.: Joint cosmological analysis of the SNLS and SDSS SNe Ia.

7.1.2. Baryon Acoustic Oscillations

The detection of the characteristic scale of the baryon acous-
tic oscillations (BAO) in the correlation function of di↵erent
matter distribution tracers provides a powerful standard ruler
to probe the angular-diameter-distance versus redshift relation
and Hubble parameter evolution. The BAO scale has now been
detected in the correlation function of various galaxy surveys
(Eisenstein et al. 2005; Beutler et al. 2011; Blake et al. 2011;
Anderson et al. 2012), as well as in the Ly↵ forest of distant
quasars (Busca et al. 2013; Slosar et al. 2013). Large-scale sur-
veys also probe the horizon size at matter-radiation equality.
However, this latter measurement appears to be more a↵ected
by systematic uncertainties than the robust BAO scale measure-
ment.

BAO analyses usually perform a spherical average of their
scale measurement constraining a combination of the angular
scale and redshift separation:

dz =
rs(zdrag)
Dv(z)

(21)

with:

Dv(z) =
 
(1 + z)2D2

A
cz

H(z)

!1/3

(22)

For this work, we follow Planck Collaboration XVI (2013) in
using the measurement of the BAO scale at z = 0.106, 0.35,
and 0.57 from Beutler et al. (2011); Padmanabhan et al. (2012);
Anderson et al. (2012), respectively. We consider a BAO prior of
the form:

�2
bao = (dz � dbao

z )†C�1
bao(dz � dbao

z ) (23)

with zdrag computed from the Eisenstein & Hu (1998) fit-
ting formulae, dbao

z = (0.336, 0.1126, 0.07315) and C�1
bao =

diag(4444, 215156, 721487).

7.2. Constraints on cosmological parameters for various dark
energy models

We consider three alternatives to the base ⇤CDM model:

– the one-parameter extension allowing for non-zero spatial
curvature ⌦k, labeled o-⇤CDM.

– the one-parameter extension allowing for dark energy in a
spatially flat universe with an arbitrary constant equation of
state parameter w, labeled w-CDM.

– the two-parameter extension allowing for dark energy in a
spatially flat universe with a time varying equation of state
parameter parameterized as w(a) = w0 + wa(1 � a) with a =
1/(1 + z) (Linder 2003) and labeled wz-CDM.

We follow the assumptions of Planck Collaboration XVI (2013)
to achieve consistency with our prior. In particular we assume
massive neutrinos can be approximated as a single massive
eigenstate with m⌫ = 0.06 eV and an e↵ective energy density
when relativistic:

⇢⌫ = Ne↵
7
8

 
4

11

!4/3

⇢� (24)

with ⇢� the radiation energy density and Ne↵ = 3.046. We use
Tcmb = 2.7255 K for the CMB temperature today.

Best-fit parameters for di↵erent probe combinations are
given in Tables 13, 14 and 15. Errors quoted in the ta-
bles are 1-� Cramér-Rao lower bounds from the approximate

JLA
Planck+WP
Planck+WP+BAO
C11

Fig. 15. 68% and 95% confidence contours (including system-
atic uncertainty) for the⌦m and⌦⇤ cosmological parameters for
the o-⇤CDM model. Labels for the various data sets correspond
to the present SN Ia compilation (JLA), the Conley et al. (2011)
SN Ia compilation (C11), the combination of Planck temperature
and WMAP polarization measurements of the CMB fluctuation
(Planck+WP), and a combination of measurements of the BAO
scale (BAO). See Sect. 7.1 for details. The black dashed line cor-
responds to a flat universe.

Fig. 16. Confidence contours at 68% and 95% (including sys-
tematic uncertainty) for the ⌦m and w cosmological parameters
for the flat w-⇤CDM model. The black dashed line corresponds
to the cosmological constant hypothesis.

Fisher Information Matrix. Confidence contours corresponding
to ��2 = 2.28 (68%) and ��2 = 6 (95%) are shown in
Figs. 15, 16 and 17. For all studies involving SNe Ia, we used
likelihood functions similar to Eq. (15), with both statistical and
systematic uncertainties included in the computation of C. We
also performed fits involving the SNLS+SDSS subsample and
the C11 “SALT2” sample for comparison (see Sect. 6).

In all cases the combination of our supernova sample with
the two other probes is compatible with the cosmological con-
stant solution in a flat universe, which could have been antic-
ipated from the agreement between CMB and SN Ia measure-
ments of ⇤CDM parameters (see Sect. 6.6). This concordance is
the main result of the present paper. We note that this conclusion

21
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FIG. 6.ÈJoint conÐdence intervals for from SNe Ia. The solid()
M

, )")
contours are results from the MLCS method applied to well-observed SNe
Ia light curves together with the snapshot method et al.(Riess 1998b)
applied to incomplete SNe Ia light curves. The dotted contours are for the
same objects excluding the unclassiÐed SN 1997ck (z\ 0.97). Regions rep-
resenting speciÐc cosmological scenarios are illustrated. Contours are
closed by their intersection with the line )

M
\ 0.

The normalized PDF comes from dividing this relative
PDF by its sum over all possible states,
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neglecting the unphysical regions. The most likely values for
the cosmological parameters and preferred regions of
parameter space are located where is mini-equation (4)
mized or, alternately, is maximized.equation (10)

The Hubble constants as derived from the MLCS
method, 65.2 ^ 1.3 km s~1 Mpc~1, and from the template-
Ðtting approach, 63.8 ^ 1.3 km s~1 Mpc~1, are extremely
robust and attest to the consistency of the methods. These
determinations include only the statistical component of
error resulting from the point-to-point variance of the mea-
sured Hubble Ñow and do not include any uncertainty in
the absolute magnitude of SN Ia. From three photoelec-
trically observed SNe Ia, SN 1972E, SN 1981B, and SN
1990N (Saha et al. the SN Ia absolute magni-1994, 1997),
tude was calibrated from observations of Cepheids in the
host galaxies. The calibration of the SN Ia magnitude from
only three objects adds an additional 5% uncertainty to the
Hubble constant, independent of the uncertainty in the zero
point of the distance scale. The uncertainty in the Cepheid

distance scale adds an uncertainty of D10% to the derived
Hubble constant & Walker(Feast 1987 ; Kochanek 1997 ;

& Freedman A realistic determination of theMadore 1998).
Hubble constant from SNe Ia would give 65 ^ 7 km s~1

Mpc~1, with the uncertainty dominated by the systematic
uncertainties in the calibration of the SN Ia absolute magni-
tude. These determinations of the Hubble constant employ
the Cepheid distance scale of & FreedmanMadore (1991),
which uses a distance modulus to the Large Magellanic
Cloud (LMC) of 18.50 mag. Parallax measurements by the
Hipparcos satellite indicate that the LMC distance could be
greater, and hence our inferred Hubble constant smaller, by
5% to 10% though not all agree with the inter-(Reid 1997),
pretation of these parallaxes & Freedman(Madore 1998).
All subsequent indications in this paper for the cosmo-
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7.1.2. Baryon Acoustic Oscillations

The detection of the characteristic scale of the baryon acous-
tic oscillations (BAO) in the correlation function of di↵erent
matter distribution tracers provides a powerful standard ruler
to probe the angular-diameter-distance versus redshift relation
and Hubble parameter evolution. The BAO scale has now been
detected in the correlation function of various galaxy surveys
(Eisenstein et al. 2005; Beutler et al. 2011; Blake et al. 2011;
Anderson et al. 2012), as well as in the Ly↵ forest of distant
quasars (Busca et al. 2013; Slosar et al. 2013). Large-scale sur-
veys also probe the horizon size at matter-radiation equality.
However, this latter measurement appears to be more a↵ected
by systematic uncertainties than the robust BAO scale measure-
ment.

BAO analyses usually perform a spherical average of their
scale measurement constraining a combination of the angular
scale and redshift separation:

dz =
rs(zdrag)
Dv(z)

(21)

with:

Dv(z) =
 
(1 + z)2D2

A
cz

H(z)

!1/3

(22)

For this work, we follow Planck Collaboration XVI (2013) in
using the measurement of the BAO scale at z = 0.106, 0.35,
and 0.57 from Beutler et al. (2011); Padmanabhan et al. (2012);
Anderson et al. (2012), respectively. We consider a BAO prior of
the form:

�2
bao = (dz � dbao

z )†C�1
bao(dz � dbao

z ) (23)

with zdrag computed from the Eisenstein & Hu (1998) fit-
ting formulae, dbao

z = (0.336, 0.1126, 0.07315) and C�1
bao =

diag(4444, 215156, 721487).

7.2. Constraints on cosmological parameters for various dark
energy models

We consider three alternatives to the base ⇤CDM model:

– the one-parameter extension allowing for non-zero spatial
curvature ⌦k, labeled o-⇤CDM.

– the one-parameter extension allowing for dark energy in a
spatially flat universe with an arbitrary constant equation of
state parameter w, labeled w-CDM.

– the two-parameter extension allowing for dark energy in a
spatially flat universe with a time varying equation of state
parameter parameterized as w(a) = w0 + wa(1 � a) with a =
1/(1 + z) (Linder 2003) and labeled wz-CDM.

We follow the assumptions of Planck Collaboration XVI (2013)
to achieve consistency with our prior. In particular we assume
massive neutrinos can be approximated as a single massive
eigenstate with m⌫ = 0.06 eV and an e↵ective energy density
when relativistic:

⇢⌫ = Ne↵
7
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with ⇢� the radiation energy density and Ne↵ = 3.046. We use
Tcmb = 2.7255 K for the CMB temperature today.

Best-fit parameters for di↵erent probe combinations are
given in Tables 13, 14 and 15. Errors quoted in the ta-
bles are 1-� Cramér-Rao lower bounds from the approximate
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Fig. 15. 68% and 95% confidence contours (including system-
atic uncertainty) for the⌦m and⌦⇤ cosmological parameters for
the o-⇤CDM model. Labels for the various data sets correspond
to the present SN Ia compilation (JLA), the Conley et al. (2011)
SN Ia compilation (C11), the combination of Planck temperature
and WMAP polarization measurements of the CMB fluctuation
(Planck+WP), and a combination of measurements of the BAO
scale (BAO). See Sect. 7.1 for details. The black dashed line cor-
responds to a flat universe.

Fig. 16. Confidence contours at 68% and 95% (including sys-
tematic uncertainty) for the ⌦m and w cosmological parameters
for the flat w-⇤CDM model. The black dashed line corresponds
to the cosmological constant hypothesis.

Fisher Information Matrix. Confidence contours corresponding
to ��2 = 2.28 (68%) and ��2 = 6 (95%) are shown in
Figs. 15, 16 and 17. For all studies involving SNe Ia, we used
likelihood functions similar to Eq. (15), with both statistical and
systematic uncertainties included in the computation of C. We
also performed fits involving the SNLS+SDSS subsample and
the C11 “SALT2” sample for comparison (see Sect. 6).

In all cases the combination of our supernova sample with
the two other probes is compatible with the cosmological con-
stant solution in a flat universe, which could have been antic-
ipated from the agreement between CMB and SN Ia measure-
ments of ⇤CDM parameters (see Sect. 6.6). This concordance is
the main result of the present paper. We note that this conclusion
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FIG. 6.ÈJoint conÐdence intervals for from SNe Ia. The solid()
M

, )")
contours are results from the MLCS method applied to well-observed SNe
Ia light curves together with the snapshot method et al.(Riess 1998b)
applied to incomplete SNe Ia light curves. The dotted contours are for the
same objects excluding the unclassiÐed SN 1997ck (z\ 0.97). Regions rep-
resenting speciÐc cosmological scenarios are illustrated. Contours are
closed by their intersection with the line )

M
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neglecting the unphysical regions. The most likely values for
the cosmological parameters and preferred regions of
parameter space are located where is mini-equation (4)
mized or, alternately, is maximized.equation (10)

The Hubble constants as derived from the MLCS
method, 65.2 ^ 1.3 km s~1 Mpc~1, and from the template-
Ðtting approach, 63.8 ^ 1.3 km s~1 Mpc~1, are extremely
robust and attest to the consistency of the methods. These
determinations include only the statistical component of
error resulting from the point-to-point variance of the mea-
sured Hubble Ñow and do not include any uncertainty in
the absolute magnitude of SN Ia. From three photoelec-
trically observed SNe Ia, SN 1972E, SN 1981B, and SN
1990N (Saha et al. the SN Ia absolute magni-1994, 1997),
tude was calibrated from observations of Cepheids in the
host galaxies. The calibration of the SN Ia magnitude from
only three objects adds an additional 5% uncertainty to the
Hubble constant, independent of the uncertainty in the zero
point of the distance scale. The uncertainty in the Cepheid

distance scale adds an uncertainty of D10% to the derived
Hubble constant & Walker(Feast 1987 ; Kochanek 1997 ;

& Freedman A realistic determination of theMadore 1998).
Hubble constant from SNe Ia would give 65 ^ 7 km s~1

Mpc~1, with the uncertainty dominated by the systematic
uncertainties in the calibration of the SN Ia absolute magni-
tude. These determinations of the Hubble constant employ
the Cepheid distance scale of & FreedmanMadore (1991),
which uses a distance modulus to the Large Magellanic
Cloud (LMC) of 18.50 mag. Parallax measurements by the
Hipparcos satellite indicate that the LMC distance could be
greater, and hence our inferred Hubble constant smaller, by
5% to 10% though not all agree with the inter-(Reid 1997),
pretation of these parallaxes & Freedman(Madore 1998).
All subsequent indications in this paper for the cosmo-
logical parameters and are independent of the value)

M
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7.1.2. Baryon Acoustic Oscillations

The detection of the characteristic scale of the baryon acous-
tic oscillations (BAO) in the correlation function of di↵erent
matter distribution tracers provides a powerful standard ruler
to probe the angular-diameter-distance versus redshift relation
and Hubble parameter evolution. The BAO scale has now been
detected in the correlation function of various galaxy surveys
(Eisenstein et al. 2005; Beutler et al. 2011; Blake et al. 2011;
Anderson et al. 2012), as well as in the Ly↵ forest of distant
quasars (Busca et al. 2013; Slosar et al. 2013). Large-scale sur-
veys also probe the horizon size at matter-radiation equality.
However, this latter measurement appears to be more a↵ected
by systematic uncertainties than the robust BAO scale measure-
ment.

BAO analyses usually perform a spherical average of their
scale measurement constraining a combination of the angular
scale and redshift separation:

dz =
rs(zdrag)
Dv(z)

(21)

with:

Dv(z) =
 
(1 + z)2D2

A
cz

H(z)

!1/3

(22)

For this work, we follow Planck Collaboration XVI (2013) in
using the measurement of the BAO scale at z = 0.106, 0.35,
and 0.57 from Beutler et al. (2011); Padmanabhan et al. (2012);
Anderson et al. (2012), respectively. We consider a BAO prior of
the form:

�2
bao = (dz � dbao

z )†C�1
bao(dz � dbao

z ) (23)

with zdrag computed from the Eisenstein & Hu (1998) fit-
ting formulae, dbao

z = (0.336, 0.1126, 0.07315) and C�1
bao =

diag(4444, 215156, 721487).

7.2. Constraints on cosmological parameters for various dark
energy models

We consider three alternatives to the base ⇤CDM model:

– the one-parameter extension allowing for non-zero spatial
curvature ⌦k, labeled o-⇤CDM.

– the one-parameter extension allowing for dark energy in a
spatially flat universe with an arbitrary constant equation of
state parameter w, labeled w-CDM.

– the two-parameter extension allowing for dark energy in a
spatially flat universe with a time varying equation of state
parameter parameterized as w(a) = w0 + wa(1 � a) with a =
1/(1 + z) (Linder 2003) and labeled wz-CDM.

We follow the assumptions of Planck Collaboration XVI (2013)
to achieve consistency with our prior. In particular we assume
massive neutrinos can be approximated as a single massive
eigenstate with m⌫ = 0.06 eV and an e↵ective energy density
when relativistic:

⇢⌫ = Ne↵
7
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⇢� (24)

with ⇢� the radiation energy density and Ne↵ = 3.046. We use
Tcmb = 2.7255 K for the CMB temperature today.

Best-fit parameters for di↵erent probe combinations are
given in Tables 13, 14 and 15. Errors quoted in the ta-
bles are 1-� Cramér-Rao lower bounds from the approximate
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Fig. 15. 68% and 95% confidence contours (including system-
atic uncertainty) for the⌦m and⌦⇤ cosmological parameters for
the o-⇤CDM model. Labels for the various data sets correspond
to the present SN Ia compilation (JLA), the Conley et al. (2011)
SN Ia compilation (C11), the combination of Planck temperature
and WMAP polarization measurements of the CMB fluctuation
(Planck+WP), and a combination of measurements of the BAO
scale (BAO). See Sect. 7.1 for details. The black dashed line cor-
responds to a flat universe.

Fig. 16. Confidence contours at 68% and 95% (including sys-
tematic uncertainty) for the ⌦m and w cosmological parameters
for the flat w-⇤CDM model. The black dashed line corresponds
to the cosmological constant hypothesis.

Fisher Information Matrix. Confidence contours corresponding
to ��2 = 2.28 (68%) and ��2 = 6 (95%) are shown in
Figs. 15, 16 and 17. For all studies involving SNe Ia, we used
likelihood functions similar to Eq. (15), with both statistical and
systematic uncertainties included in the computation of C. We
also performed fits involving the SNLS+SDSS subsample and
the C11 “SALT2” sample for comparison (see Sect. 6).

In all cases the combination of our supernova sample with
the two other probes is compatible with the cosmological con-
stant solution in a flat universe, which could have been antic-
ipated from the agreement between CMB and SN Ia measure-
ments of ⇤CDM parameters (see Sect. 6.6). This concordance is
the main result of the present paper. We note that this conclusion
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7.1.2. Baryon Acoustic Oscillations

The detection of the characteristic scale of the baryon acous-
tic oscillations (BAO) in the correlation function of di↵erent
matter distribution tracers provides a powerful standard ruler
to probe the angular-diameter-distance versus redshift relation
and Hubble parameter evolution. The BAO scale has now been
detected in the correlation function of various galaxy surveys
(Eisenstein et al. 2005; Beutler et al. 2011; Blake et al. 2011;
Anderson et al. 2012), as well as in the Ly↵ forest of distant
quasars (Busca et al. 2013; Slosar et al. 2013). Large-scale sur-
veys also probe the horizon size at matter-radiation equality.
However, this latter measurement appears to be more a↵ected
by systematic uncertainties than the robust BAO scale measure-
ment.

BAO analyses usually perform a spherical average of their
scale measurement constraining a combination of the angular
scale and redshift separation:

dz =
rs(zdrag)
Dv(z)

(21)

with:

Dv(z) =
 
(1 + z)2D2

A
cz

H(z)
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(22)

For this work, we follow Planck Collaboration XVI (2013) in
using the measurement of the BAO scale at z = 0.106, 0.35,
and 0.57 from Beutler et al. (2011); Padmanabhan et al. (2012);
Anderson et al. (2012), respectively. We consider a BAO prior of
the form:

�2
bao = (dz � dbao

z )†C�1
bao(dz � dbao

z ) (23)

with zdrag computed from the Eisenstein & Hu (1998) fit-
ting formulae, dbao

z = (0.336, 0.1126, 0.07315) and C�1
bao =

diag(4444, 215156, 721487).

7.2. Constraints on cosmological parameters for various dark
energy models

We consider three alternatives to the base ⇤CDM model:

– the one-parameter extension allowing for non-zero spatial
curvature ⌦k, labeled o-⇤CDM.

– the one-parameter extension allowing for dark energy in a
spatially flat universe with an arbitrary constant equation of
state parameter w, labeled w-CDM.

– the two-parameter extension allowing for dark energy in a
spatially flat universe with a time varying equation of state
parameter parameterized as w(a) = w0 + wa(1 � a) with a =
1/(1 + z) (Linder 2003) and labeled wz-CDM.

We follow the assumptions of Planck Collaboration XVI (2013)
to achieve consistency with our prior. In particular we assume
massive neutrinos can be approximated as a single massive
eigenstate with m⌫ = 0.06 eV and an e↵ective energy density
when relativistic:

⇢⌫ = Ne↵
7
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with ⇢� the radiation energy density and Ne↵ = 3.046. We use
Tcmb = 2.7255 K for the CMB temperature today.

Best-fit parameters for di↵erent probe combinations are
given in Tables 13, 14 and 15. Errors quoted in the ta-
bles are 1-� Cramér-Rao lower bounds from the approximate
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Fig. 15. 68% and 95% confidence contours (including system-
atic uncertainty) for the⌦m and⌦⇤ cosmological parameters for
the o-⇤CDM model. Labels for the various data sets correspond
to the present SN Ia compilation (JLA), the Conley et al. (2011)
SN Ia compilation (C11), the combination of Planck temperature
and WMAP polarization measurements of the CMB fluctuation
(Planck+WP), and a combination of measurements of the BAO
scale (BAO). See Sect. 7.1 for details. The black dashed line cor-
responds to a flat universe.

Fig. 16. Confidence contours at 68% and 95% (including sys-
tematic uncertainty) for the ⌦m and w cosmological parameters
for the flat w-⇤CDM model. The black dashed line corresponds
to the cosmological constant hypothesis.

Fisher Information Matrix. Confidence contours corresponding
to ��2 = 2.28 (68%) and ��2 = 6 (95%) are shown in
Figs. 15, 16 and 17. For all studies involving SNe Ia, we used
likelihood functions similar to Eq. (15), with both statistical and
systematic uncertainties included in the computation of C. We
also performed fits involving the SNLS+SDSS subsample and
the C11 “SALT2” sample for comparison (see Sect. 6).

In all cases the combination of our supernova sample with
the two other probes is compatible with the cosmological con-
stant solution in a flat universe, which could have been antic-
ipated from the agreement between CMB and SN Ia measure-
ments of ⇤CDM parameters (see Sect. 6.6). This concordance is
the main result of the present paper. We note that this conclusion
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7.1.2. Baryon Acoustic Oscillations

The detection of the characteristic scale of the baryon acous-
tic oscillations (BAO) in the correlation function of di↵erent
matter distribution tracers provides a powerful standard ruler
to probe the angular-diameter-distance versus redshift relation
and Hubble parameter evolution. The BAO scale has now been
detected in the correlation function of various galaxy surveys
(Eisenstein et al. 2005; Beutler et al. 2011; Blake et al. 2011;
Anderson et al. 2012), as well as in the Ly↵ forest of distant
quasars (Busca et al. 2013; Slosar et al. 2013). Large-scale sur-
veys also probe the horizon size at matter-radiation equality.
However, this latter measurement appears to be more a↵ected
by systematic uncertainties than the robust BAO scale measure-
ment.

BAO analyses usually perform a spherical average of their
scale measurement constraining a combination of the angular
scale and redshift separation:

dz =
rs(zdrag)
Dv(z)

(21)

with:

Dv(z) =
 
(1 + z)2D2
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cz

H(z)
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(22)

For this work, we follow Planck Collaboration XVI (2013) in
using the measurement of the BAO scale at z = 0.106, 0.35,
and 0.57 from Beutler et al. (2011); Padmanabhan et al. (2012);
Anderson et al. (2012), respectively. We consider a BAO prior of
the form:

�2
bao = (dz � dbao

z )†C�1
bao(dz � dbao

z ) (23)

with zdrag computed from the Eisenstein & Hu (1998) fit-
ting formulae, dbao

z = (0.336, 0.1126, 0.07315) and C�1
bao =

diag(4444, 215156, 721487).

7.2. Constraints on cosmological parameters for various dark
energy models

We consider three alternatives to the base ⇤CDM model:

– the one-parameter extension allowing for non-zero spatial
curvature ⌦k, labeled o-⇤CDM.

– the one-parameter extension allowing for dark energy in a
spatially flat universe with an arbitrary constant equation of
state parameter w, labeled w-CDM.

– the two-parameter extension allowing for dark energy in a
spatially flat universe with a time varying equation of state
parameter parameterized as w(a) = w0 + wa(1 � a) with a =
1/(1 + z) (Linder 2003) and labeled wz-CDM.

We follow the assumptions of Planck Collaboration XVI (2013)
to achieve consistency with our prior. In particular we assume
massive neutrinos can be approximated as a single massive
eigenstate with m⌫ = 0.06 eV and an e↵ective energy density
when relativistic:

⇢⌫ = Ne↵
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with ⇢� the radiation energy density and Ne↵ = 3.046. We use
Tcmb = 2.7255 K for the CMB temperature today.

Best-fit parameters for di↵erent probe combinations are
given in Tables 13, 14 and 15. Errors quoted in the ta-
bles are 1-� Cramér-Rao lower bounds from the approximate

Fig. 15. 68% and 95% confidence contours (including system-
atic uncertainty) for the⌦m and⌦⇤ cosmological parameters for
the o-⇤CDM model. Labels for the various data sets correspond
to the present SN Ia compilation (JLA), the Conley et al. (2011)
SN Ia compilation (C11), the combination of Planck temperature
and WMAP polarization measurements of the CMB fluctuation
(Planck+WP), and a combination of measurements of the BAO
scale (BAO). See Sect. 7.1 for details. The black dashed line cor-
responds to a flat universe.
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Fig. 16. Confidence contours at 68% and 95% (including sys-
tematic uncertainty) for the ⌦m and w cosmological parameters
for the flat w-⇤CDM model. The black dashed line corresponds
to the cosmological constant hypothesis.

Fisher Information Matrix. Confidence contours corresponding
to ��2 = 2.28 (68%) and ��2 = 6 (95%) are shown in
Figs. 15, 16 and 17. For all studies involving SNe Ia, we used
likelihood functions similar to Eq. (15), with both statistical and
systematic uncertainties included in the computation of C. We
also performed fits involving the SNLS+SDSS subsample and
the C11 “SALT2” sample for comparison (see Sect. 6).

In all cases the combination of our supernova sample with
the two other probes is compatible with the cosmological con-
stant solution in a flat universe, which could have been antic-
ipated from the agreement between CMB and SN Ia measure-
ments of ⇤CDM parameters (see Sect. 6.6). This concordance is
the main result of the present paper. We note that this conclusion
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Table 13. Best fit parameters for the o-⇤CDM cosmological model.

⌦m ⌦k H0 ⌦bh2 ↵ � M1
B �M �2/d.o.f.

Planck+WP+BAO+JLA 0.305 ± 0.010 0.002 ± 0.003 68.34 ± 1.03 0.0221 ± 0.0003 0.141 ± 0.006 3.099 ± 0.074 �19.10 ± 0.03 �0.070 ± 0.023 684.1/738
Planck+WP+BAO 0.306 ± 0.010 0.002 ± 0.003 68.25 ± 1.06 0.0221 ± 0.0003
Planck+WP+SDSS 0.397 ± 0.108 �0.019 ± 0.026 59.93 ± 8.17 0.0221 ± 0.0003 0.145 ± 0.008 3.115 ± 0.108 �19.34 ± 0.27 �0.091 ± 0.031 350.7/369
Planck+WP+SDSS+SNLS 0.309 ± 0.046 0.001 ± 0.011 67.94 ± 5.15 0.0221 ± 0.0003 0.140 ± 0.007 3.141 ± 0.082 �19.10 ± 0.15 �0.072 ± 0.025 577.9/608
Planck+WP+JLA 0.292 ± 0.037 0.005 ± 0.009 69.85 ± 4.44 0.0221 ± 0.0003 0.141 ± 0.006 3.102 ± 0.075 �19.05 ± 0.12 �0.070 ± 0.023 682.9/735
Planck+WP+C11 0.244 ± 0.047 0.015 ± 0.010 76.48 ± 7.36 0.0221 ± 0.0003 1.708 ± 0.156 3.306 ± 0.109 �18.96 ± 0.19 �0.045 ± 0.024 395.1/468

Table 14. Best fit parameters for the flat w-CDM cosmological model.

⌦m w H0 ⌦bh2 ↵ � M1
B �M �2/d.o.f.

Planck+WP+BAO+JLA 0.303 ± 0.012 �1.027 ± 0.055 68.50 ± 1.27 0.0221 ± 0.0003 0.141 ± 0.006 3.102 ± 0.075 �19.10 ± 0.03 �0.070 ± 0.023 684.1/738
Planck+WP+BAO 0.295 ± 0.020 �1.075 ± 0.109 69.57 ± 2.54 0.0220 ± 0.0003
Planck+WP+SDSS 0.341 ± 0.039 �0.906 ± 0.123 64.68 ± 3.56 0.0221 ± 0.0003 0.145 ± 0.008 3.116 ± 0.108 �19.17 ± 0.10 �0.091 ± 0.031 350.7/369
Planck+WP+SDSS+SNLS 0.314 ± 0.020 �0.994 ± 0.069 67.32 ± 1.98 0.0221 ± 0.0003 0.140 ± 0.007 3.139 ± 0.082 �19.12 ± 0.05 �0.072 ± 0.025 577.9/608
Planck+WP+JLA 0.307 ± 0.017 �1.018 ± 0.057 68.07 ± 1.63 0.0221 ± 0.0003 0.141 ± 0.006 3.100 ± 0.075 �19.11 ± 0.04 �0.070 ± 0.023 683.0/735
WMAP9+JLA+BAO 0.296 ± 0.012 �0.979 ± 0.063 68.19 ± 1.33 0.0224 ± 0.0005 0.141 ± 0.006 3.099 ± 0.075 �19.10 ± 0.03 �0.070 ± 0.023 684.4/738
Planck+WP+C11 0.288 ± 0.021 �1.093 ± 0.078 70.33 ± 2.34 0.0221 ± 0.0003 1.707 ± 0.156 3.306 ± 0.109 �19.15 ± 0.05 �0.043 ± 0.024 395.4/468

Table 15. Best fit parameters for the flat wz-CDM cosmological model. The point (w0,wa) = (�1, 0) corresponds to the cosmological
constant hypothesis.

⌦m w0 wa H0 ⌦bh2 ↵ � M1
B �M �2/d.o.f.

Planck +WP + BAO + JLA 0.304 ± 0.012 �0.957 ± 0.124 �0.336 ± 0.552 68.59 ± 1.27 0.0220 ± 0.0003 0.141 ± 0.006 3.099 ± 0.075 �19.09 ± 0.04 �0.070 ± 0.023 683.7/737
Planck +WP + BAO 0.291 ± 0.042 �1.134 ± 0.490 0.167 ± 1.318 70.09 ± 5.05 0.0221 ± 0.0003
Planck +WP + BAO + SDSS 0.315 ± 0.019 �0.848 ± 0.200 �0.582 ± 0.702 67.31 ± 2.04 0.0220 ± 0.0003 0.145 ± 0.008 3.126 ± 0.108 �19.09 ± 0.05 �0.091 ± 0.031 352.0/371
Planck +WP + JLA 0.296 ± 0.022 �0.886 ± 0.206 �0.698 ± 1.090 69.36 ± 2.40 0.0221 ± 0.0003 0.141 ± 0.006 3.099 ± 0.075 �19.06 ± 0.08 �0.070 ± 0.023 682.6/734
Planck +WP + BAO + C11 0.293 ± 0.014 �1.073 ± 0.146 �0.066 ± 0.563 69.90 ± 1.64 0.0220 ± 0.0003 1.706 ± 0.156 3.307 ± 0.109 �19.15 ± 0.04 �0.044 ± 0.025 396.4/470
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Fig. 17. Confidence contours at 68% and 95% (including sys-
tematic uncertainty) for the w and wa cosmological parameters
for the flat w-⇤CDM model.

still holds if we use the WMAP CMB temperature measurement
in place of the Planck measurement (see Table 14).

For the w-CDM model, in combination with Planck, we
measure w =�1.018 ± 0.057. This represents a substan-
tial improvement in uncertainty (30%) over the combination
Planck+WP+C11 (w = �1.093 ± 0.078 ). The ⇠ 1� (stat+sys)
change in w is caused primarily by the recalibration of the SNLS
sample as discussed in detail in Sect. 6. The improvement in er-
rors is due to the inclusion of the full SDSS-II spectroscopic
sample and to the reduction in systematic errors due to the joint
recalibration of the SDSS-II and SNLS surveys. As an illustra-
tion of the relative influence of those two changes, using the C11

calibration uncertainties would increase the uncertainty of w to
6.5%.

Interestingly, the CMB+SNLS+SDSS combination delivers
a competitive measurement of w with an accuracy of 6.9%, de-
spite the absence of the low-z SNe Ia. This measurement is ex-
pected to be robust since the dominant systematic uncertainty
(photometric calibration error) was the subject of careful review
in the joint analysis of the SDSS-II and SNLS surveys. This
subsample is also likely to be less sensitive to errors in the en-
vironmental dependence of the SN Ia luminosity as the distri-
bution of SNLS and SDSS host properties are closer than are
the distribution of SNLS and low-z surveys. As an illustration,
fitting the w-CDM model to the CMB+SNLS+SDSS data, and
imposing �M = 0, provides w =�0.996 ± 0.069, a small shift
(�w < 0.003) with respect to the value reported for the same
sample and �M = �0.070 ± 0.023 in Table 14.

Combined with CMB and BAO, SNe Ia yields a 5.4% mea-
surement of w which represents significantly tighter constraint
than what can be obtained from CMB and BAO alone (11.0%).
The combination of CMB, BAO and SNe Ia constrains mod-
els with a varying equation of state w =�0.957 ± 0.124 and
wa =�0.336 ± 0.552 (see Table 15), yielding a figure of merit
as defined by the dark energy task force (DETF; Albrecht et al.
2006) of 31.3. This is a factor 2 improvement in the FoM with
respect to the C11+DR7+WMAP7 combination considered in
Sullivan et al. (2011). This gain is attributable, for roughly equal
parts, to our improvement in SN measurements and to the im-
provement in CMB and BAO external constraints.

Finally, the combination of CMB, BAO and SN Ia data con-
strains the value of the Hubble parameter H0 at better than 2%
even in generic dark energy models. Our result, H0 =68.50±1.27
km s�1 Mpc�1, is slightly lower (1.9�) than the direct measure-
ment of H0 = 73.8 ± 2.4km s�1 Mpc�1 given in Riess et al.
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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.
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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.
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Figure 1: Left: Histogram of spectroscopically confirmed SN Ia discovered by Pan-STARRS. 247 SN Ia have
been spectroscopically confirmed. The distribution peaks at 0.3 < z < 0.4, the target redshift range for
RAISIN. Right: Histogram of the predictive 1! errors of the distance moduli for low-z SN Ia. The error in
the estimated distance modulus incorporates errors in the dust extinction and the light-curve fit. The SN
with optical and NIR light curve measurements (bottom) typically have smaller estimated distance errors
(!0.10 mag) than those with only optical data (!0.15 mag) (top).

Figure 2: Cosmological inferences for (w, !M ) based on a simulated sample of 25 SN Ia observed in rest-frame
optical at z = 0.35 with an average extinction "AV # = 0.3 mag and a true RV = 2.5. The BAO likelihood
constraints from Percival et al. (2010) are shown (green). Left: Constraints from the SN Ia distance-redshift
likelihood are shown as thin red (fitting when assuming a wrong RV = 3.1), thin blue (assuming the true
RV = 2.5), or thin magenta (assuming a wrong RV = 1.7) curves. The 1-! combined likelihood contours are
depicted as thick red, blue, or magenta ellipses. A mistake in the assumed dust law causes a large systematic
error in cosmological inference. Right: Constraints from the SN Ia distance-redshift likelihood at z = 0.35
are shown as thin blue (optical only) or thin red (optical+J) curves. The 1-! combined likelihood contours
are depicted as thick blue and red, and having NIR data reduced the size of the optical-only ellipse by a
factor of 1.63!
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Intrinsic Color Depends on SN Velocity

Foley & Kasen 2011
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were considered (Fig. 9). These results further testify to the ro-
bustness of SN Ia NIR light curves as standard candles.

Our model light curves may also suggest further refinements
to cosmology studies in the NIR. The J-band light curves, for ex-
ample, show almost zero intrinsic dispersion at the local minimum
occurring between the first and secondarymaximum (about 15 days
after B-band maximum; see Fig. 10). Even when the subluminous
models are considered, the magnitude variations at this epoch
are small. It would be interesting to check whether observed
SNe Ia exhibit a similar behavior. As it turns out, Meikle (2000)
chose to study the J-bandmagnitudes of SNe Iameasured 14 days
after B-band maximum (as derived from fits to the Elias et al.
(1985) templates). He found that the dispersion in M14 (J ) was
small, although not necessarily minimal.

The low peak magnitude dispersion in the NIR follows from
the dependence of the model colors on the bolometric luminosity.
The dimmer SNe also have lower temperatures and radiate a greater
percentage of the energy at redder wavelengths. This acts as a
regulating mechanism that maintains a nearly constant peak
magnitude in the NIR bands, regardless of the 56Ni mass. On the
other hand, the dispersion in ultraviolet andU-band magnitudes
is reciprocally intensified, exceeding that of the bolometric light
curves.

8. DISCUSSION AND CONCLUSION

We have modeled the far-red and NIR light curves of SNe Ia
and given a detailed explanation of the characteristic secondary
maximum.Our syntheticmodel light curveswere calculated using
parameterized 1D ejecta configurations and the time-dependent
multigroup radiative transfer code SEDONA. The model light
curves displayed distinct and conspicuous secondary maxima and
provided favorable fits to the NIR observations of the normal
Type Ia SN 2001el. By varying the mass of 56Ni, the models also
reproduced the observed trend that brighter SNe Ia have later
and more prominent secondary maxima.

We trace the origin of the secondary maximum directly to the
ionization evolution of iron group elements in the ejecta. Spe-
cifically, the NIR emissivity of iron/cobalt gas peaks sharply at
a temperature T21 ! 7000 K, marking the transition between the
singly and doubly ionized states. The recombination of iron-rich
gas from 2 ! 1 thus leads to enhanced redistribution of radiation
from blue to NIR. Interestingly, as the supernova cools, the global

ionization evolution takes the form of a 2 ! 1 ‘‘recombination
wave’’ gradually receding deeper into the ejecta. The onset and
propagation of this wave through the iron-rich layers marks the
rise and fall the secondary maximum. Because the ejecta are
transparent at longer wavelengths during these epochs, the NIR
observations allow us to watch directly as the recombination
wave scans through progressively deeper layers of ejecta.
While the models considered in this paper captured the es-

sential aspects of SN Ia NIR light curves, they also highlighted
several outstanding issues for the radiative transfer calculations.
First, the use of a complete and accurate atomic line list proved
critical in modeling the NIR bands. Further improvement of the
currently available atomic data is likely needed to accurately model
the H- and K-band light curves. Second, nonthermal ionization
effects from radioactive gamma rays become significant for texp k
70 days, when LTE predicts neutrality, and thus likely have a
dramatic impact on the NIR light curves at these late epochs.
Third, a proper treatment of Ca ii IR triplet line source function
is crucial in synthesizing accurate I-band model light curves, as
the assumption of purely absorbing lines leads to unrealistic
results. Future advances in the SEDONA code will permit more
detailed studies of these and other important effects. However,
one does not expect the technical developments to change the
general NIR light curve trends and dependencies explained in
this paper.
In this paper, we studied the dependence of theNIR light curves

on a number of important physical parameters, which highlighted
the many ways in which NIR light curves offer valuable diag-
nostics of the ejecta properties and powerful constraints on ex-
plosion models. First, the double-peaked morphology of the NIR
light curves can be taken as a direct consequence of the abun-
dance stratification in SNe Ia, in particular, the concentration of
iron group elements in the central regions. This confirms pre-
vious inferences based on postmaximum and nebular spectra
(e.g., Branch et al. 1985; Höflich et al. 2002; Kozma et al. 2005).
Abundance stratification is generic to certain classes of explosion
models, for example, the delayed-detonation models (Khokhlov
1991) and the detonation-from-failed-detonation models (Plewa
et al. 2004). In contrast, models characterized by large-scale mix-
ing, such as published three-dimensional deflagration models
(Gamezo et al. 2003; Reinecke et al. 2002), are likely inconsistent
with the double-peaked behavior in the NIR light curves. Fur-
ther NIR observations, coupled with the transfer models, should
be useful in constraining the exact degree of 56Nimixing in SNe Ia
and thus in testing current and future explosion paradigms.
Second, the luminosity of the secondary maximum provides a

measure of the amount of iron group elements (both stable and
radioactive) synthesized in the explosion. The observed corre-
lation between the B-band decline rate and the luminosity of the
secondary maximum provides strong evidence that slower de-
clining SNe Ia have (on average) a larger production of iron group
elements. This conclusion coincides with several other inferences
to the same (Contardo et al. 2000; Mazzali et al. 1998; Stritzinger
et al. 2006).
Third, the NIR secondary maximum is sensitive to the amount

of stable iron group elements produced in the explosion and hence
the progenitor metallicity. Timmes et al. (2003) has suggested that
metallicity variations may lead to 25% variations in 56Ni. We find
that the NIR signature of this variation is distinct from that of
varying 56Ni independently. Our predicted correlation arising
from metallicity variations is that the earlier secondary maxima
will be as bright as or brighter than the later ones. This conflicts
with the primary observed trend and suggests that the metallicity
is likely a subdominant cause of SN Ia luminosity variations. This

Fig. 15.—Dispersion in peak magnitude (measured at the first light curve
maximum) as a function of wavelength band for the models of Fig. 10 with 56Ni
masses between 0.4 and 0.9M". [See the electronic edition of the Journal for a
color version of this figure.]
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Figure 4. Left: post-maximum optical decline rate !m15(B) vs. posterior
estimates of the inferred optical absolute magnitudes MB (black points) and the
extinguished magnitudes B0 ! µ (red points). Each black point maps to a red
point through optical dust extinction in the host galaxy. The intrinsic light-curve-
width–luminosity Phillips relation is reflected in the trend of the black points,
indicating that SNe brighter in B have slower decline rates. The blue line is the
linear trend of Phillips et al. (1999). Right: inferred absolute magnitudes and
extinguished magnitudes in the near-infrared H band. The extinction correction,
depicted by the difference between red and black points, is much smaller in H
than in B. The absolute magnitudes MH have no correlation with !m15(B). The
standard deviation of peak absolute magnitudes is also much smaller for MH
compared to MB.
(A color version of this figure is available in the online journal.)

Table 4, we infer that SN 2006ax has little host galaxy dust
extinction with the most likely value being AV = 0.01 mag.
However, it is uncertain enough that AV = 0.12 still lies within
68% highest posterior density (HPD) contour. By contrast, the
AH estimate is near zero, and the 68% contour lies within
AH < 0.03. Even SNe with low extinction benefit from
observations in the H-band by reducing the uncertainty in the
dust estimate. Table 4 lists summary statistics of the marginal
posterior distribution of each host galaxy dust parameter for
each SN, obtained from the MCMC samples.

5.2. Intrinsic Correlation Structure of SN Ia Light
Curves in the Optical–NIR

We use the hierarchical model to infer the intrinsic corre-
lation structure of the absolute SN Ia light curves. This cor-
relation structure captures the statistical relationships between
peak absolute magnitudes and decline rates of light curves in
multiple filters at different wavelengths and phases. We summa-
rize inferences about light curve shape and luminosity across the
optical and near-infrared filters; a more detailed analysis of the
intrinsic correlation structure of colors, luminosities, and light
curve shapes will be presented elsewhere.

5.2.1. Intrinsic Scatter Plots

The hierarchical model fits the individual light curves with
the differential decline rates model and infers the absolute
magnitudes in multiple passbands, corrected for host galaxy
dust extinction. For each individual SN light curve, we can use
the inferred local decline rates dF to compute the !m15(F ) of
the light curve in each filter. In the left panel of Figure 4, we
plot the posterior estimate of the peak absolute magnitude MB
versus its canonical !m15(B) decline rate with black points.
The error bars reflect measurement errors and the marginal
uncertainties from the distance and inferred dust extinction.
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Figure 5. Inferred absolute magnitudes MF (blue points) and the extinguished
magnitudes F0!µ (red points) vs. colors relative to NIR H (intrinsic: blue points;
apparent: red points). Only SNe with complete BVRIJH data are plotted. The
intrinsically optically bright SNe tend to be intrinsically bluer in the optical–NIR
color. The H-band absolute magnitudes have no trend with intrinsic J ! H colors,
which have a comparatively narrow distribution. Note that the magnitude and
color axes have the same scale in each panel.
(A color version of this figure is available in the online journal.)

This set of points describes the well-known intrinsic light curve
decline rate versus luminosity relationship (Phillips 1993). We
also show the mean linear relation between MB and !m15(B)
found by Phillips et al. (1999), who analyzed a smaller sample
of SNe Ia. The statistical trend found by our model is consistent
with that analysis. The red points are simply the peak apparent
magnitudes minus the distance moduli, B0 ! µ, which are the
extinguished peak absolute magnitudes MB + AB . Whereas the
range of extinguished magnitudes spans "3 mag, the intrinsic
absolute magnitudes lie along a narrow, roughly linear trend
with !m15(B).

In the right panel, we plot the intrinsic and extinguished ab-
solute magnitudes of SNe Ia in the H band. In contrast to the left
panel, the differences between the intrinsic absolute magnitudes
and the extinguished magnitudes are nearly negligible. Notably,
there is no correlation between the intrinsic MH in the NIR and
optical !m15(B). This was noted previously by Krisciunas et al.
(2004a) and WV08. The standard deviation of absolute magni-
tudes is much smaller in H than in B, demonstrating that the NIR
SN Ia light curves are good standard candles (Krisciunas et al.
2004a, 2004c; WV08; Mandel et al. 2009). Theoretical models
of Kasen (2006) indicate that NIR peak absolute magnitudes
have relatively weak sensitivity to the input progenitor 56Ni
mass, with a dispersion of "0.2 mag in J and K, and "0.1 mag
in H over models ranging from 0.4 to 0.9 solar masses of 56Ni.
The physical explanation may be traced to the ionization evolu-
tion of the iron group elements in the SN atmosphere.

These scatter plots convey some aspects of the population
correlation structure of optical and near-infrared light curves
that is captured by the hierarchical model. In the next section,
we further discuss the multi-band luminosity and light curve
shape correlation structure in terms of the estimated correlation
matrices.

Figure 5 shows scatter plots of optical–near-infrared colors
(B ! H,V ! H,R ! H, J ! H ) versus absolute magnitude
(MB,MV ,MR,MH ) at peak. The blue points are the posterior
estimates of the inferred peak intrinsic colors and absolute
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Smaller Light Curve Corrections in IR
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Figure 1: Left: Histogram of spectroscopically confirmed SN Ia discovered by Pan-STARRS. 247 SN Ia have
been spectroscopically confirmed. The distribution peaks at 0.3 < z < 0.4, the target redshift range for
RAISIN. Right: Histogram of the predictive 1! errors of the distance moduli for low-z SN Ia. The error in
the estimated distance modulus incorporates errors in the dust extinction and the light-curve fit. The SN
with optical and NIR light curve measurements (bottom) typically have smaller estimated distance errors
(!0.10 mag) than those with only optical data (!0.15 mag) (top).

Figure 2: Cosmological inferences for (w, !M ) based on a simulated sample of 25 SN Ia observed in rest-frame
optical at z = 0.35 with an average extinction "AV # = 0.3 mag and a true RV = 2.5. The BAO likelihood
constraints from Percival et al. (2010) are shown (green). Left: Constraints from the SN Ia distance-redshift
likelihood are shown as thin red (fitting when assuming a wrong RV = 3.1), thin blue (assuming the true
RV = 2.5), or thin magenta (assuming a wrong RV = 1.7) curves. The 1-! combined likelihood contours are
depicted as thick red, blue, or magenta ellipses. A mistake in the assumed dust law causes a large systematic
error in cosmological inference. Right: Constraints from the SN Ia distance-redshift likelihood at z = 0.35
are shown as thin blue (optical only) or thin red (optical+J) curves. The 1-! combined likelihood contours
are depicted as thick blue and red, and having NIR data reduced the size of the optical-only ellipse by a
factor of 1.63!
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Figure 1: Left: Histogram of spectroscopically confirmed SN Ia discovered by Pan-STARRS. 247 SN Ia have
been spectroscopically confirmed. The distribution peaks at 0.3 < z < 0.4, the target redshift range for
RAISIN. Right: Histogram of the predictive 1! errors of the distance moduli for low-z SN Ia. The error in
the estimated distance modulus incorporates errors in the dust extinction and the light-curve fit. The SN
with optical and NIR light curve measurements (bottom) typically have smaller estimated distance errors
(!0.10 mag) than those with only optical data (!0.15 mag) (top).

Figure 2: Cosmological inferences for (w, !M ) based on a simulated sample of 25 SN Ia observed in rest-frame
optical at z = 0.35 with an average extinction "AV # = 0.3 mag and a true RV = 2.5. The BAO likelihood
constraints from Percival et al. (2010) are shown (green). Left: Constraints from the SN Ia distance-redshift
likelihood are shown as thin red (fitting when assuming a wrong RV = 3.1), thin blue (assuming the true
RV = 2.5), or thin magenta (assuming a wrong RV = 1.7) curves. The 1-! combined likelihood contours are
depicted as thick red, blue, or magenta ellipses. A mistake in the assumed dust law causes a large systematic
error in cosmological inference. Right: Constraints from the SN Ia distance-redshift likelihood at z = 0.35
are shown as thin blue (optical only) or thin red (optical+J) curves. The 1-! combined likelihood contours
are depicted as thick blue and red, and having NIR data reduced the size of the optical-only ellipse by a
factor of 1.63!
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Rest frame IR measurements of z~1 supernovae are not possible 
from the ground 

Go as far into the IR as technically feasible!
Sky is very bright in NIR: >100x brighter than in space
Sky is not transparent in NIR: absorption due to water is very 

strong and extremely variable

IR is Hard!  (From the Ground)



Use WFC3 to get rest frame IR
of moderate redshift SN Ia!  

RAISIN
100 orbits



Our First Crop of RAISINS



RAISIN is Working!

41.2 41.4 41.6 41.8 42 42.20

0.1

0.2

0.3

0.4

0.5

0.6

RAISIN2−ps1−440236+HST−z=0.43.mag.dat: z=0.430

Predicted Distance Modulus µ (mag)

Ex
tin

ct
io

n 
A V (m

ag
)

 

 

µ(z=0.43, LCDM, h=0.72)

PS1 Optical (68%, 95%)
PS1 Optical + HST NIR



Better than Expected!

41 41.2 41.4 41.6 41.8 42 42.2 42.40

0.5

1

1.5

2

2.5

3

3.5

4
Pr

ed
ict

ive
 P

ro
ba

bi
lity

 D
en

sit
y

Distance Modulus (mag)

RAISIN2−ps1−440236+HST−z=0.43.mag.dat: z=0.430

 

 

µ(z=0.43, LCDM, h=0.72)

m
µ
 = 0.11

m
µ
 = 0.17

PS1 Optical (68%, 95%)
PS1 Optical + HST NIR



0.0 0.2 0.4 0.6 0.8
Redshift

0

10

20

30

40

N
um
be
r

0.0 0.2 0.4 0.6 0.8
Redshift

0

10

20

30

40

N
um
be
r

Figure 1: Left: Histogram of spectroscopically confirmed SN Ia discovered by Pan-STARRS. 247 SN Ia have
been spectroscopically confirmed. The distribution peaks at 0.3 < z < 0.4, the target redshift range for
RAISIN. Right: Histogram of the predictive 1! errors of the distance moduli for low-z SN Ia. The error in
the estimated distance modulus incorporates errors in the dust extinction and the light-curve fit. The SN
with optical and NIR light curve measurements (bottom) typically have smaller estimated distance errors
(!0.10 mag) than those with only optical data (!0.15 mag) (top).

Figure 2: Cosmological inferences for (w, !M ) based on a simulated sample of 25 SN Ia observed in rest-frame
optical at z = 0.35 with an average extinction "AV # = 0.3 mag and a true RV = 2.5. The BAO likelihood
constraints from Percival et al. (2010) are shown (green). Left: Constraints from the SN Ia distance-redshift
likelihood are shown as thin red (fitting when assuming a wrong RV = 3.1), thin blue (assuming the true
RV = 2.5), or thin magenta (assuming a wrong RV = 1.7) curves. The 1-! combined likelihood contours are
depicted as thick red, blue, or magenta ellipses. A mistake in the assumed dust law causes a large systematic
error in cosmological inference. Right: Constraints from the SN Ia distance-redshift likelihood at z = 0.35
are shown as thin blue (optical only) or thin red (optical+J) curves. The 1-! combined likelihood contours
are depicted as thick blue and red, and having NIR data reduced the size of the optical-only ellipse by a
factor of 1.63!
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Figure 1: Left: Histogram of spectroscopically confirmed SN Ia discovered by Pan-STARRS. 247 SN Ia have
been spectroscopically confirmed. The distribution peaks at 0.3 < z < 0.4, the target redshift range for
RAISIN. Right: Histogram of the predictive 1! errors of the distance moduli for low-z SN Ia. The error in
the estimated distance modulus incorporates errors in the dust extinction and the light-curve fit. The SN
with optical and NIR light curve measurements (bottom) typically have smaller estimated distance errors
(!0.10 mag) than those with only optical data (!0.15 mag) (top).

Figure 2: Cosmological inferences for (w, !M ) based on a simulated sample of 25 SN Ia observed in rest-frame
optical at z = 0.35 with an average extinction "AV # = 0.3 mag and a true RV = 2.5. The BAO likelihood
constraints from Percival et al. (2010) are shown (green). Left: Constraints from the SN Ia distance-redshift
likelihood are shown as thin red (fitting when assuming a wrong RV = 3.1), thin blue (assuming the true
RV = 2.5), or thin magenta (assuming a wrong RV = 1.7) curves. The 1-! combined likelihood contours are
depicted as thick red, blue, or magenta ellipses. A mistake in the assumed dust law causes a large systematic
error in cosmological inference. Right: Constraints from the SN Ia distance-redshift likelihood at z = 0.35
are shown as thin blue (optical only) or thin red (optical+J) curves. The 1-! combined likelihood contours
are depicted as thick blue and red, and having NIR data reduced the size of the optical-only ellipse by a
factor of 1.63!
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Part 3: Prospects
(The Future)



Measuring w′ is Really Hard
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Fig. 1.— Luminosity Distance and Cosmology

ΛCDM



w0 = -0.96 ± 0.12; wa = -0.34 ± 0.55

Betoule et al. 2014

M. Betoule et al.: Joint cosmological analysis of the SNLS and SDSS SNe Ia.

Table 13. Best fit parameters for the o-⇤CDM cosmological model.

⌦m ⌦k H0 ⌦bh2 ↵ � M1
B �M �2/d.o.f.

Planck+WP+BAO+JLA 0.305 ± 0.010 0.002 ± 0.003 68.34 ± 1.03 0.0221 ± 0.0003 0.141 ± 0.006 3.099 ± 0.074 �19.10 ± 0.03 �0.070 ± 0.023 684.1/738
Planck+WP+BAO 0.306 ± 0.010 0.002 ± 0.003 68.25 ± 1.06 0.0221 ± 0.0003
Planck+WP+SDSS 0.397 ± 0.108 �0.019 ± 0.026 59.93 ± 8.17 0.0221 ± 0.0003 0.145 ± 0.008 3.115 ± 0.108 �19.34 ± 0.27 �0.091 ± 0.031 350.7/369
Planck+WP+SDSS+SNLS 0.309 ± 0.046 0.001 ± 0.011 67.94 ± 5.15 0.0221 ± 0.0003 0.140 ± 0.007 3.141 ± 0.082 �19.10 ± 0.15 �0.072 ± 0.025 577.9/608
Planck+WP+JLA 0.292 ± 0.037 0.005 ± 0.009 69.85 ± 4.44 0.0221 ± 0.0003 0.141 ± 0.006 3.102 ± 0.075 �19.05 ± 0.12 �0.070 ± 0.023 682.9/735
Planck+WP+C11 0.244 ± 0.047 0.015 ± 0.010 76.48 ± 7.36 0.0221 ± 0.0003 1.708 ± 0.156 3.306 ± 0.109 �18.96 ± 0.19 �0.045 ± 0.024 395.1/468

Table 14. Best fit parameters for the flat w-CDM cosmological model.

⌦m w H0 ⌦bh2 ↵ � M1
B �M �2/d.o.f.

Planck+WP+BAO+JLA 0.303 ± 0.012 �1.027 ± 0.055 68.50 ± 1.27 0.0221 ± 0.0003 0.141 ± 0.006 3.102 ± 0.075 �19.10 ± 0.03 �0.070 ± 0.023 684.1/738
Planck+WP+BAO 0.295 ± 0.020 �1.075 ± 0.109 69.57 ± 2.54 0.0220 ± 0.0003
Planck+WP+SDSS 0.341 ± 0.039 �0.906 ± 0.123 64.68 ± 3.56 0.0221 ± 0.0003 0.145 ± 0.008 3.116 ± 0.108 �19.17 ± 0.10 �0.091 ± 0.031 350.7/369
Planck+WP+SDSS+SNLS 0.314 ± 0.020 �0.994 ± 0.069 67.32 ± 1.98 0.0221 ± 0.0003 0.140 ± 0.007 3.139 ± 0.082 �19.12 ± 0.05 �0.072 ± 0.025 577.9/608
Planck+WP+JLA 0.307 ± 0.017 �1.018 ± 0.057 68.07 ± 1.63 0.0221 ± 0.0003 0.141 ± 0.006 3.100 ± 0.075 �19.11 ± 0.04 �0.070 ± 0.023 683.0/735
WMAP9+JLA+BAO 0.296 ± 0.012 �0.979 ± 0.063 68.19 ± 1.33 0.0224 ± 0.0005 0.141 ± 0.006 3.099 ± 0.075 �19.10 ± 0.03 �0.070 ± 0.023 684.4/738
Planck+WP+C11 0.288 ± 0.021 �1.093 ± 0.078 70.33 ± 2.34 0.0221 ± 0.0003 1.707 ± 0.156 3.306 ± 0.109 �19.15 ± 0.05 �0.043 ± 0.024 395.4/468

Table 15. Best fit parameters for the flat wz-CDM cosmological model. The point (w0,wa) = (�1, 0) corresponds to the cosmological
constant hypothesis.

⌦m w0 wa H0 ⌦bh2 ↵ � M1
B �M �2/d.o.f.

Planck +WP + BAO + JLA 0.304 ± 0.012 �0.957 ± 0.124 �0.336 ± 0.552 68.59 ± 1.27 0.0220 ± 0.0003 0.141 ± 0.006 3.099 ± 0.075 �19.09 ± 0.04 �0.070 ± 0.023 683.7/737
Planck +WP + BAO 0.291 ± 0.042 �1.134 ± 0.490 0.167 ± 1.318 70.09 ± 5.05 0.0221 ± 0.0003
Planck +WP + BAO + SDSS 0.315 ± 0.019 �0.848 ± 0.200 �0.582 ± 0.702 67.31 ± 2.04 0.0220 ± 0.0003 0.145 ± 0.008 3.126 ± 0.108 �19.09 ± 0.05 �0.091 ± 0.031 352.0/371
Planck +WP + JLA 0.296 ± 0.022 �0.886 ± 0.206 �0.698 ± 1.090 69.36 ± 2.40 0.0221 ± 0.0003 0.141 ± 0.006 3.099 ± 0.075 �19.06 ± 0.08 �0.070 ± 0.023 682.6/734
Planck +WP + BAO + C11 0.293 ± 0.014 �1.073 ± 0.146 �0.066 ± 0.563 69.90 ± 1.64 0.0220 ± 0.0003 1.706 ± 0.156 3.307 ± 0.109 �19.15 ± 0.04 �0.044 ± 0.025 396.4/470
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Fig. 17. Confidence contours at 68% and 95% (including sys-
tematic uncertainty) for the w and wa cosmological parameters
for the flat w-⇤CDM model.

still holds if we use the WMAP CMB temperature measurement
in place of the Planck measurement (see Table 14).

For the w-CDM model, in combination with Planck, we
measure w =�1.018 ± 0.057. This represents a substan-
tial improvement in uncertainty (30%) over the combination
Planck+WP+C11 (w = �1.093 ± 0.078 ). The ⇠ 1� (stat+sys)
change in w is caused primarily by the recalibration of the SNLS
sample as discussed in detail in Sect. 6. The improvement in er-
rors is due to the inclusion of the full SDSS-II spectroscopic
sample and to the reduction in systematic errors due to the joint
recalibration of the SDSS-II and SNLS surveys. As an illustra-
tion of the relative influence of those two changes, using the C11

calibration uncertainties would increase the uncertainty of w to
6.5%.

Interestingly, the CMB+SNLS+SDSS combination delivers
a competitive measurement of w with an accuracy of 6.9%, de-
spite the absence of the low-z SNe Ia. This measurement is ex-
pected to be robust since the dominant systematic uncertainty
(photometric calibration error) was the subject of careful review
in the joint analysis of the SDSS-II and SNLS surveys. This
subsample is also likely to be less sensitive to errors in the en-
vironmental dependence of the SN Ia luminosity as the distri-
bution of SNLS and SDSS host properties are closer than are
the distribution of SNLS and low-z surveys. As an illustration,
fitting the w-CDM model to the CMB+SNLS+SDSS data, and
imposing �M = 0, provides w =�0.996 ± 0.069, a small shift
(�w < 0.003) with respect to the value reported for the same
sample and �M = �0.070 ± 0.023 in Table 14.

Combined with CMB and BAO, SNe Ia yields a 5.4% mea-
surement of w which represents significantly tighter constraint
than what can be obtained from CMB and BAO alone (11.0%).
The combination of CMB, BAO and SNe Ia constrains mod-
els with a varying equation of state w =�0.957 ± 0.124 and
wa =�0.336 ± 0.552 (see Table 15), yielding a figure of merit
as defined by the dark energy task force (DETF; Albrecht et al.
2006) of 31.3. This is a factor 2 improvement in the FoM with
respect to the C11+DR7+WMAP7 combination considered in
Sullivan et al. (2011). This gain is attributable, for roughly equal
parts, to our improvement in SN measurements and to the im-
provement in CMB and BAO external constraints.

Finally, the combination of CMB, BAO and SN Ia data con-
strains the value of the Hubble parameter H0 at better than 2%
even in generic dark energy models. Our result, H0 =68.50±1.27
km s�1 Mpc�1, is slightly lower (1.9�) than the direct measure-
ment of H0 = 73.8 ± 2.4km s�1 Mpc�1 given in Riess et al.
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Figure 5. We display four Hubble diagrams, for both SNIa and SNcc. The top panels are for
the tightest SNR-10-5-5 cuts, while the lower panels are for the loosest SNR-3-3-0 cuts. The left
panels are with the MLCS2k2 light-curve fitter, while the right panels are for the SALT2 light-curve
fitter. (See text for discussion.)

Table 6 shows a summary of our results, combining the four factors that a↵ect the
FoM discussed above. We present di↵erent values for the FoM, from tighter cuts (SNR-
10-5-5) to looser cuts (SNR-3-3-0), for both MLCS2k2 and SALT2 models. The column
labeled FoM Ia is for SNIa and incorporates the reported SNIa µ errors added to 0.13
in quadrature. The column labeled FoM Ia+CC adds the SNcc sample and includes the
inflated error to make �2/DOF ⇠ 1 for each sample. The final column adds the SNcc
systematic described above and is the most relevant column. The FoM is best for the
tightest cuts for both SALT2 and MLCS2k2 models. SNR cuts tighter than SNR-10-5-5

– 12 –
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Figure 5. We display four Hubble diagrams, for both SNIa and SNcc. The top panels are for
the tightest SNR-10-5-5 cuts, while the lower panels are for the loosest SNR-3-3-0 cuts. The left
panels are with the MLCS2k2 light-curve fitter, while the right panels are for the SALT2 light-curve
fitter. (See text for discussion.)

Table 6 shows a summary of our results, combining the four factors that a↵ect the
FoM discussed above. We present di↵erent values for the FoM, from tighter cuts (SNR-
10-5-5) to looser cuts (SNR-3-3-0), for both MLCS2k2 and SALT2 models. The column
labeled FoM Ia is for SNIa and incorporates the reported SNIa µ errors added to 0.13
in quadrature. The column labeled FoM Ia+CC adds the SNcc sample and includes the
inflated error to make �2/DOF ⇠ 1 for each sample. The final column adds the SNcc
systematic described above and is the most relevant column. The FoM is best for the
tightest cuts for both SALT2 and MLCS2k2 models. SNR cuts tighter than SNR-10-5-5
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Fig. 21.— The Hubble diagram of the photometrically–classified SDSS-II SN Ia sample. We have corrected for the Malmquist bias as
discussed in Section 4.1. We use the best–fit values of ! and " (see Section 6) and assumed the same M as in the simulations (M=29.8)
when creating this Hubble diagram. The SN intrinsic dispersion has been included in the error bars shown. Blue points show the subsample
of SNe Ia that have been spectroscopically–confirmed as part of the SDSS-II SN Survey, while the black points only possess a photometric
classification. The bottom panel shows the Hubble residuals of the data from the best–fit cosmology model (Section 6).

as a function of redshift. However, the FWHM of the
best-fit Gaussian does increase with redshift for the full
photometric sample, and is additionally larger than the
FWHM of the “spec Ia” subsample. The quoted errors
in Table 3 are given by GAUSSFIT in IDL, and have been
confirmed through bootstrap resampling of the distribu-
tions (with replacement). We do not report the FWHM
for the high redshift bin of the “spec Ia” subsample as it
is unreliable due to small number statistics.

We investigate why this trend appears in the full
photometric sample, but not in the “spec Ia” subsam-
ple. We plot in Figure 23 the maximum r–band S/N (at
any epoch) for each SN Ia in our observed (left panel)

and simulated (right panel) photometrically–classified
samples. It is clear from the left panel of Figure 23
that SNe in the “spec Ia” (blue) subsample, at a given
redshift, possess systematically higher S/N light–curves
than photometrically–classified SNe Ia that weren’t spec-
troscopically observed (black). The average S/N for the
“spec Ia” subsample is 27.4, whereas the SNe Ia with only
photometric classification have an average S/N of 9.6.
This is of course expected, as the SDSS–II SN spectro-
scopic follow–up observations preferentially selected SN
candidates that were easier to observe, naturally lead-
ing to a bias in S/N for the spectroscopic sample. Thus
the “spec Ia” subsample has a smaller scatter because

Contamination from Lack of Spectra

Campbell et al. 2013
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Use Host Properties to Find SNe Ia Galsnid 5
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Fig. 2.— Histogram of galsnid probability for di!erent spectro-
scopic SN classes in the LOSS sample. The filled black, red, and
blue histograms represent SNe Ia, Ibc, and II, respectively.

do not contain many SNe, the uncertainties can be large
for some values of particular parameters. To avoid poten-
tial biases associated with large statistical uncertainties,
we perform a Monte Carlo simulation for each SN where
we determine P̃ (Di|T ), a single realization of the prob-
ability for variable i using P (Di|T ) and its uncertainty.
This Monte Carlo is performed for all observables simul-
taneously, resulting in several realizations of the over-
all probability that a given SN is of Type Ia, P̃ (Ia|D).
From the Monte Carlo simulation, we have a distribu-
tion of posterior probabilities that each SN is of Type Ia.
We then assign the final probability, P (Ia|D) to be the
median value of the distribution of P̃ (Ia|D).
Following the convention of psnid (photometric super-

nova identification; Sako et al. 2011), we call this proce-
dure galsnid (galaxy-property supernova identification).
For the rest of the manuscript, we define the posterior
probability from galsnid as p ! P (Ia|D).
Having performed this procedure for the Full LOSS

sample, we arrive with a distribution of probabilities from
0 to 1. We display the results in Figure 2. In this Figure,
we present histograms for the probability that a SN is of
Type Ia for the spectroscopically confirmed subsets of
SNe Ia, II, and Ibc. For the LOSS sample, 30% have p >
0.5; of those 71% are SNe Ia. This compares favorably
to the prior of P (Ia) = 0.41. For the same sample, 21%
have p < 0.1; 84% of which are core-collapse SNe.
Again, this information can both be used by itself and

in combination with SN photometry for classification.
We test the utility of using only the galsnid method with
the FoM defined in Section 2. Figure 3 presents the e!-
ciency, the purity (WFalse

Ia = 1), and the FoM (assuming
WFalse

Ia = 5) for subsamples including only objects with
galsnid probability p greater than a threshold value. The
FoM peaks at p = 0.97 at a value of 0.269. The full sam-
ple has a FoM of 0.121, so implementing galsnid improves
the FoM by a factor of 2.23. As a comparison, Campbell
et al. (2013) performed psnid on a simulated sample of

TABLE 1
Probability of Host Properties Given

Type

Bin P (Di|Ia) P (Di|CC)

Morphology
E 0.141 +0.021

!0.018 0.002 +0.003
!0.001

S0 0.217 +0.026
!0.023 0.017 +0.007

!0.005

Sa 0.149 +0.022
!0.019 0.142 +0.017

!0.015

Sb 0.177 +0.023
!0.021 0.188 +0.020

!0.018

Sbc 0.117 +0.019
!0.017 0.231 +0.022

!0.020

Sc 0.120 +0.019
!0.017 0.218 +0.021

!0.019

Scd 0.076 +0.016
!0.013 0.188 +0.020

!0.018

Irr 0.003 +0.004
!0.002 0.015 +0.006

!0.004

B0 !K

0.0 – 1.75 0.026 +0.010
!0.007 0.044 +0.010

!0.008

1.75 – 2.25 0.023 +0.010
!0.007 0.075 +0.013

!0.011

2.25 – 2.5 0.037 +0.012
!0.009 0.069 +0.013

!0.011

2.5 – 2.75 0.043 +0.013
!0.010 0.115 +0.016

!0.014

2.75 – 3.0 0.111 +0.019
!0.016 0.181 +0.020

!0.018

3.0 – 3.25 0.131 +0.021
!0.018 0.185 +0.020

!0.018

3.25 – 3.5 0.154 +0.022
!0.020 0.137 +0.018

!0.016

3.5 – 3.75 0.125 +0.020
!0.018 0.115 +0.016

!0.014

3.75 – 4.0 0.168 +0.023
!0.021 0.048 +0.011

!0.009

4.0 – 4.25 0.103 +0.019
!0.016 0.022 +0.008

!0.006

4.25 – 6.25 0.080 +0.017
!0.014 0.010 +0.006

!0.004

MK

!26.5 – !25.5 0.079 +0.016
!0.014 0.018 +0.007

!0.005

!25.5 – !25.1 0.108 +0.019
!0.016 0.029 +0.009

!0.007

!25.1 – !24.7 0.164 +0.023
!0.020 0.125 +0.017

!0.015

!24.7 – !24.3 0.190 +0.025
!0.022 0.146 +0.018

!0.016

!24.3 – !23.9 0.153 +0.022
!0.019 0.125 +0.017

!0.015

!23.9 – !23.5 0.130 +0.021
!0.018 0.136 +0.017

!0.015

!23.5 – !23.1 0.040 +0.012
!0.009 0.133 +0.017

!0.015

!23.1 – !22.7 0.048 +0.013
!0.010 0.115 +0.016

!0.014

!22.7 – !22.3 0.031 +0.011
!0.008 0.058 +0.012

!0.010

!22.3 – !21.5 0.037 +0.012
!0.009 0.060 +0.012

!0.010

!21.5 – !17.1 0.020 +0.009
!0.006 0.055 +0.011

!0.009

E!ective O!set
0.0 – 0.05 0.043 +0.012

!0.010 0.032 +0.009
!0.007

0.05 – 0.1 0.098 +0.018
!0.015 0.086 +0.014

!0.012

0.1 – 0.15 0.130 +0.020
!0.018 0.091 +0.014

!0.012

0.15 – 0.2 0.090 +0.017
!0.014 0.091 +0.014

!0.012

0.2 – 0.25 0.071 +0.015
!0.013 0.114 +0.016

!0.014

0.25 – 0.3 0.057 +0.014
!0.011 0.084 +0.013

!0.012

0.3 – 0.35 0.068 +0.015
!0.012 0.058 +0.011

!0.009

0.35 – 0.4 0.060 +0.014
!0.011 0.054 +0.011

!0.009

0.4 – 0.45 0.038 +0.012
!0.009 0.067 +0.012

!0.010

0.45 – 0.5 0.052 +0.013
!0.011 0.063 +0.012

!0.010

0.5 – 0.6 0.060 +0.014
!0.011 0.089 +0.014

!0.012

0.6 – 0.75 0.062 +0.014
!0.012 0.048 +0.010

!0.009

0.75 – 1.0 0.073 +0.016
!0.013 0.045 +0.010

!0.008

1.0 – 1.4 0.052 +0.013
!0.011 0.041 +0.010

!0.008

1.4 – 5.25 0.046 +0.013
!0.010 0.037 +0.009

!0.007

Pixel Rank
0.0 – 0.2 0.206 +0.094

!0.064 0.113 +0.047
!0.033

0.2 – 0.4 0.294 +0.109
!0.079 0.282 +0.070

!0.056

0.4 – 0.6 0.088 +0.068
!0.038 0.211 +0.062

!0.048

0.6 – 0.8 0.324 +0.113
!0.084 0.296 +0.072

!0.058

0.8 – 1.0 0.088 +0.068
!0.038 0.099 +0.045

!0.031
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WFIRST Version CATE 
Date 

Primary 
Mirror 

Dia. (m) 

Pixel 
Scale 

(as/pix) 

Active 
FOV 

(deg2) 

Science 
Detectors 

Notes 

SDT #1: Interim DRM 2011 1.3 0.18 0.29 36 H2RG-18 1 – 4x7 Imaging FPA 
0.45 0.26/ea 2 – 2x2 Spec FPAs 

SDT #1: DRM1 N/A 1.3 0.18 0.375 36 H2RG-18 
Imaging & Spec in single FPA 
with GRS and SN prisms in a filter 
wheel 

SDT #1: DRM2 2012 1.1 0.18 0.585 14 H4RG-10 
Imaging & Spec in single FPA 
with GRS and SN prisms in a filter 
wheel 

SDT #2: WFIRST-2.4 2013 2.4 

0.11 0.281 18-H4RG-10 Imaging & Spec in single FPA 
with GRS grism in a wheel 

0.11 9.45 as2 1 H2RG-18 IFU for SN spectra 

   Optional coronagraph for  
exoplanet imaging 

Table 1-1: Comparison to past WFIRST Design Reference Missions. 

Figure 1-1: Field of view comparison, to scale, of the WFIRST-2.4 wide field instrument with wide field instruments on 
the Hubble and James Webb Space Telescopes. Each square is a 4k x 4k HgCdTe sensor array. The field of view extent 
is about 0.79 x 0.43 degrees. The pixels are mapped to 0.11 arcseconds on the sky.  



WFIRST-AFTA: SN Survey

Rather than making assumptions, we have decided to perform a full and complete simulation of
the WFIRST-AFTA SN survey. This is the first step in determining the true impact of the survey.
With simulations, we can directly measure the statistical uncertainties of the survey. Furthermore,
we can test several systematic uncertainties with di!erent assumptions — and unlike the WAFR,
we do not make the assumption that systematic uncertainties are uncorrelated with each other or
across redshift bins.
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Figure 1: Redshift histogram for our simulated
WFIRST-AFTA SN survey. The distribution was
made to match that of the WAFR. Compare to
Figure C-1 of the WAFR.

For the SN simulations, we used SNANA
package (Kessler et al., 2009). We success-
fully used the same methodology to understand
the systematics of the Pan-STARRs SN survey
(Scolnic et al., 2013). To properly simulate the
WFIRST-AFTA survey and take full advantage
of the IFU, we extended the SALT2 SN model
(Guy et al., 2007) to the rest-frame NIR and
created a new module to properly simulate (and
fit) the IFU data. Our extension was based on
the extended SALT2 model released by Rodney
et al. (2014). Some specific survey character-
istics were left ambiguous by the WAFR, but
we attempted to mimic the proposed survey as
best as possible.

For our simulations, we focused exclusively on the WFIRST-AFTA sample, and did not include
any local SN calibrators. This is to both isolate systematic uncertainties in the WFIRST-AFTA
sample and to avoid the heterogeneous, biased, and poorly defined local samples.

We matched the number and redshift distribution (to within 5%) to that of the proposed survey
(Figure 1). The total number of SNe in our simulation is 2700 with a median redshift of 0.7. We
fix the Milky Way extinction of E(B ! V ) = 0.02 mag.

The WAFR requires a single spectrum with a peak signal-to-noise ratio (S/N) of 10 per pixel.
However, SNe at di!erent redshifts will have di!erent rest-frame wavelength ranges and thus the
peak flux will be at di!erent rest-frame wavelengths. To acquire a peak S/N of 10 in a single pixel
band for a z = 0.1 SN means that the S/N at 1 micron (in the rest frame) will be higher than that
of a z = 1 SN. Nevertheless, we implemented this simplistic reading of the strategy. Figure 2 shows
a maximum-light SN Ia spectrum as observed by WFIRST-AFTA at di!erent redshifts and with
di!erent S/N. The WAFR also stated that each SN would have 7 low-S/N (peak S/N = 3) and 1
high-S/N observations with a 5-day cadence, corresponding to a 40-day observing window.

Our simulated survey results in a combined statistical uncertainty and intrinsic scatter of ! =
0.120 mag, only slightly larger than that assumed by WAFR (! = 0.113 mag).

We find relatively good agreement between our fully simulated results and the assumed statis-
tical/intrinsic uncertainties of the WAFR, particularly at low redshift. However, there are some
di!erences at high redshift, with our simulations having higher uncertainties (Figure 3). We at-
tribute these di!erences to the smaller wavelength coverage and bluer data for higher-redshift data.

To understand our results further, we must examine how distances are determined for SNe Ia.
In the SALT2 model, a SN’s distance is determined by

µ = mB !MB + "x1 ! #c, (3)

where mB is the brightness of the SN in the rest-frame B band, MB is the absolute brightness
of a canonical SN Ia in the B band, x1 and c are parameters related to light-curve shape and
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Figure 3: Left: Statistical uncertainties for the WFIRST-AFTA SN survey as a function of
redshift. The assumed uncertainties from WAFR are plotted as triangles, while those from
our simulations are plotted as diamonds.

Figure 4: Right: Fractional contribution to the statistical uncertainty from SN color (aster-
isks), light-curve shape (diamonds), and peak brightness (squares) as a function of redshift
for the simulated WFIRST-AFTA SN survey. The largest contribution at all redshifts is from
uncertainties in measuring the SN color.

To calculate the DE-FoM, corresponding to the inverse area of the 95% confidence contours in
the w0 ! wa space, we must determine the !2 grid for the likelihood of cosmological fits to the
2700 simulated SNe in the WFIRST-AFTA sample. Here we focus on the constraints from the
WFIRST-AFTA SN sample alone and marginalize over both H0 and !M , though we assume a
flat universe for these calculations. When considering only statistical uncertainties, we assume no
covariances between the SNe, and the error for each SN is described by the total distance error
given in Equation 2. When considering systematic and statistical uncertainties, we determine a full
covariance matrix to describe the distance uncertainties such that C is

C = Dstat +Csys. (4)

The first term is the purely diagonal part of the statistical uncertainty given by Equation 2 and
the systematic component can be described for each systematic uncertainty Sk as

Csys, ij =
K
!

k=1

"

"µ i

"Sk

#"

"µ j

"Sk

#

("Sk)
2 . (5)

To calculate the systematic covariance matrix, we find the di#erence in distance for each SN after
changing our analysis by 1# for each systematic uncertainty. This approach captures the corre-
lation between various uncertainties and is more realistic than assuming uncorrelated systematic
uncertainties. Furthermore, if this proposal is accepted, we would release our covariance matrix to
the community so that there can be easy and accurate comparisons between the constraints from
the WFIRST-AFTA SN survey and other probes.

Across all redshifts, the color uncertainty is the most important component of the total distance
uncertainty (Figure 4). At higher redshift, there is less data to constrain SN color, and as a result,
the color uncertainty becomes nearly the entirety of the distance uncertainty, and the overall
distance uncertainty increases significantly.

The most valuable way to improve the WFIRST-AFTA survey is to better understand SN color
and its systematics. This is the focus of our proposal.

4

2700 SNe to z ≈ 1.7 with spectra
Color/Dust still biggest systematic

Foley & Scolnic



M. Betoule et al.: Joint cosmological analysis of the SNLS and SDSS SNe Ia.

Table 13. Best fit parameters for the o-⇤CDM cosmological model.

⌦m ⌦k H0 ⌦bh2 ↵ � M1
B �M �2/d.o.f.

Planck+WP+BAO+JLA 0.305 ± 0.010 0.002 ± 0.003 68.34 ± 1.03 0.0221 ± 0.0003 0.141 ± 0.006 3.099 ± 0.074 �19.10 ± 0.03 �0.070 ± 0.023 684.1/738
Planck+WP+BAO 0.306 ± 0.010 0.002 ± 0.003 68.25 ± 1.06 0.0221 ± 0.0003
Planck+WP+SDSS 0.397 ± 0.108 �0.019 ± 0.026 59.93 ± 8.17 0.0221 ± 0.0003 0.145 ± 0.008 3.115 ± 0.108 �19.34 ± 0.27 �0.091 ± 0.031 350.7/369
Planck+WP+SDSS+SNLS 0.309 ± 0.046 0.001 ± 0.011 67.94 ± 5.15 0.0221 ± 0.0003 0.140 ± 0.007 3.141 ± 0.082 �19.10 ± 0.15 �0.072 ± 0.025 577.9/608
Planck+WP+JLA 0.292 ± 0.037 0.005 ± 0.009 69.85 ± 4.44 0.0221 ± 0.0003 0.141 ± 0.006 3.102 ± 0.075 �19.05 ± 0.12 �0.070 ± 0.023 682.9/735
Planck+WP+C11 0.244 ± 0.047 0.015 ± 0.010 76.48 ± 7.36 0.0221 ± 0.0003 1.708 ± 0.156 3.306 ± 0.109 �18.96 ± 0.19 �0.045 ± 0.024 395.1/468

Table 14. Best fit parameters for the flat w-CDM cosmological model.

⌦m w H0 ⌦bh2 ↵ � M1
B �M �2/d.o.f.

Planck+WP+BAO+JLA 0.303 ± 0.012 �1.027 ± 0.055 68.50 ± 1.27 0.0221 ± 0.0003 0.141 ± 0.006 3.102 ± 0.075 �19.10 ± 0.03 �0.070 ± 0.023 684.1/738
Planck+WP+BAO 0.295 ± 0.020 �1.075 ± 0.109 69.57 ± 2.54 0.0220 ± 0.0003
Planck+WP+SDSS 0.341 ± 0.039 �0.906 ± 0.123 64.68 ± 3.56 0.0221 ± 0.0003 0.145 ± 0.008 3.116 ± 0.108 �19.17 ± 0.10 �0.091 ± 0.031 350.7/369
Planck+WP+SDSS+SNLS 0.314 ± 0.020 �0.994 ± 0.069 67.32 ± 1.98 0.0221 ± 0.0003 0.140 ± 0.007 3.139 ± 0.082 �19.12 ± 0.05 �0.072 ± 0.025 577.9/608
Planck+WP+JLA 0.307 ± 0.017 �1.018 ± 0.057 68.07 ± 1.63 0.0221 ± 0.0003 0.141 ± 0.006 3.100 ± 0.075 �19.11 ± 0.04 �0.070 ± 0.023 683.0/735
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Planck+WP+C11 0.288 ± 0.021 �1.093 ± 0.078 70.33 ± 2.34 0.0221 ± 0.0003 1.707 ± 0.156 3.306 ± 0.109 �19.15 ± 0.05 �0.043 ± 0.024 395.4/468

Table 15. Best fit parameters for the flat wz-CDM cosmological model. The point (w0,wa) = (�1, 0) corresponds to the cosmological
constant hypothesis.
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Planck +WP + BAO + SDSS 0.315 ± 0.019 �0.848 ± 0.200 �0.582 ± 0.702 67.31 ± 2.04 0.0220 ± 0.0003 0.145 ± 0.008 3.126 ± 0.108 �19.09 ± 0.05 �0.091 ± 0.031 352.0/371
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Fig. 17. Confidence contours at 68% and 95% (including sys-
tematic uncertainty) for the w and wa cosmological parameters
for the flat w-⇤CDM model.

still holds if we use the WMAP CMB temperature measurement
in place of the Planck measurement (see Table 14).

For the w-CDM model, in combination with Planck, we
measure w =�1.018 ± 0.057. This represents a substan-
tial improvement in uncertainty (30%) over the combination
Planck+WP+C11 (w = �1.093 ± 0.078 ). The ⇠ 1� (stat+sys)
change in w is caused primarily by the recalibration of the SNLS
sample as discussed in detail in Sect. 6. The improvement in er-
rors is due to the inclusion of the full SDSS-II spectroscopic
sample and to the reduction in systematic errors due to the joint
recalibration of the SDSS-II and SNLS surveys. As an illustra-
tion of the relative influence of those two changes, using the C11

calibration uncertainties would increase the uncertainty of w to
6.5%.

Interestingly, the CMB+SNLS+SDSS combination delivers
a competitive measurement of w with an accuracy of 6.9%, de-
spite the absence of the low-z SNe Ia. This measurement is ex-
pected to be robust since the dominant systematic uncertainty
(photometric calibration error) was the subject of careful review
in the joint analysis of the SDSS-II and SNLS surveys. This
subsample is also likely to be less sensitive to errors in the en-
vironmental dependence of the SN Ia luminosity as the distri-
bution of SNLS and SDSS host properties are closer than are
the distribution of SNLS and low-z surveys. As an illustration,
fitting the w-CDM model to the CMB+SNLS+SDSS data, and
imposing �M = 0, provides w =�0.996 ± 0.069, a small shift
(�w < 0.003) with respect to the value reported for the same
sample and �M = �0.070 ± 0.023 in Table 14.

Combined with CMB and BAO, SNe Ia yields a 5.4% mea-
surement of w which represents significantly tighter constraint
than what can be obtained from CMB and BAO alone (11.0%).
The combination of CMB, BAO and SNe Ia constrains mod-
els with a varying equation of state w =�0.957 ± 0.124 and
wa =�0.336 ± 0.552 (see Table 15), yielding a figure of merit
as defined by the dark energy task force (DETF; Albrecht et al.
2006) of 31.3. This is a factor 2 improvement in the FoM with
respect to the C11+DR7+WMAP7 combination considered in
Sullivan et al. (2011). This gain is attributable, for roughly equal
parts, to our improvement in SN measurements and to the im-
provement in CMB and BAO external constraints.

Finally, the combination of CMB, BAO and SN Ia data con-
strains the value of the Hubble parameter H0 at better than 2%
even in generic dark energy models. Our result, H0 =68.50±1.27
km s�1 Mpc�1, is slightly lower (1.9�) than the direct measure-
ment of H0 = 73.8 ± 2.4km s�1 Mpc�1 given in Riess et al.
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Table 13. Best fit parameters for the o-⇤CDM cosmological model.
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Planck+WP+C11 0.244 ± 0.047 0.015 ± 0.010 76.48 ± 7.36 0.0221 ± 0.0003 1.708 ± 0.156 3.306 ± 0.109 �18.96 ± 0.19 �0.045 ± 0.024 395.1/468
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tematic uncertainty) for the w and wa cosmological parameters
for the flat w-⇤CDM model.

still holds if we use the WMAP CMB temperature measurement
in place of the Planck measurement (see Table 14).

For the w-CDM model, in combination with Planck, we
measure w =�1.018 ± 0.057. This represents a substan-
tial improvement in uncertainty (30%) over the combination
Planck+WP+C11 (w = �1.093 ± 0.078 ). The ⇠ 1� (stat+sys)
change in w is caused primarily by the recalibration of the SNLS
sample as discussed in detail in Sect. 6. The improvement in er-
rors is due to the inclusion of the full SDSS-II spectroscopic
sample and to the reduction in systematic errors due to the joint
recalibration of the SDSS-II and SNLS surveys. As an illustra-
tion of the relative influence of those two changes, using the C11

calibration uncertainties would increase the uncertainty of w to
6.5%.

Interestingly, the CMB+SNLS+SDSS combination delivers
a competitive measurement of w with an accuracy of 6.9%, de-
spite the absence of the low-z SNe Ia. This measurement is ex-
pected to be robust since the dominant systematic uncertainty
(photometric calibration error) was the subject of careful review
in the joint analysis of the SDSS-II and SNLS surveys. This
subsample is also likely to be less sensitive to errors in the en-
vironmental dependence of the SN Ia luminosity as the distri-
bution of SNLS and SDSS host properties are closer than are
the distribution of SNLS and low-z surveys. As an illustration,
fitting the w-CDM model to the CMB+SNLS+SDSS data, and
imposing �M = 0, provides w =�0.996 ± 0.069, a small shift
(�w < 0.003) with respect to the value reported for the same
sample and �M = �0.070 ± 0.023 in Table 14.

Combined with CMB and BAO, SNe Ia yields a 5.4% mea-
surement of w which represents significantly tighter constraint
than what can be obtained from CMB and BAO alone (11.0%).
The combination of CMB, BAO and SNe Ia constrains mod-
els with a varying equation of state w =�0.957 ± 0.124 and
wa =�0.336 ± 0.552 (see Table 15), yielding a figure of merit
as defined by the dark energy task force (DETF; Albrecht et al.
2006) of 31.3. This is a factor 2 improvement in the FoM with
respect to the C11+DR7+WMAP7 combination considered in
Sullivan et al. (2011). This gain is attributable, for roughly equal
parts, to our improvement in SN measurements and to the im-
provement in CMB and BAO external constraints.

Finally, the combination of CMB, BAO and SN Ia data con-
strains the value of the Hubble parameter H0 at better than 2%
even in generic dark energy models. Our result, H0 =68.50±1.27
km s�1 Mpc�1, is slightly lower (1.9�) than the direct measure-
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M. Betoule et al.: Joint cosmological analysis of the SNLS and SDSS SNe Ia.
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Fig. 17. Confidence contours at 68% and 95% (including sys-
tematic uncertainty) for the w and wa cosmological parameters
for the flat w-⇤CDM model.

still holds if we use the WMAP CMB temperature measurement
in place of the Planck measurement (see Table 14).

For the w-CDM model, in combination with Planck, we
measure w =�1.018 ± 0.057. This represents a substan-
tial improvement in uncertainty (30%) over the combination
Planck+WP+C11 (w = �1.093 ± 0.078 ). The ⇠ 1� (stat+sys)
change in w is caused primarily by the recalibration of the SNLS
sample as discussed in detail in Sect. 6. The improvement in er-
rors is due to the inclusion of the full SDSS-II spectroscopic
sample and to the reduction in systematic errors due to the joint
recalibration of the SDSS-II and SNLS surveys. As an illustra-
tion of the relative influence of those two changes, using the C11

calibration uncertainties would increase the uncertainty of w to
6.5%.

Interestingly, the CMB+SNLS+SDSS combination delivers
a competitive measurement of w with an accuracy of 6.9%, de-
spite the absence of the low-z SNe Ia. This measurement is ex-
pected to be robust since the dominant systematic uncertainty
(photometric calibration error) was the subject of careful review
in the joint analysis of the SDSS-II and SNLS surveys. This
subsample is also likely to be less sensitive to errors in the en-
vironmental dependence of the SN Ia luminosity as the distri-
bution of SNLS and SDSS host properties are closer than are
the distribution of SNLS and low-z surveys. As an illustration,
fitting the w-CDM model to the CMB+SNLS+SDSS data, and
imposing �M = 0, provides w =�0.996 ± 0.069, a small shift
(�w < 0.003) with respect to the value reported for the same
sample and �M = �0.070 ± 0.023 in Table 14.

Combined with CMB and BAO, SNe Ia yields a 5.4% mea-
surement of w which represents significantly tighter constraint
than what can be obtained from CMB and BAO alone (11.0%).
The combination of CMB, BAO and SNe Ia constrains mod-
els with a varying equation of state w =�0.957 ± 0.124 and
wa =�0.336 ± 0.552 (see Table 15), yielding a figure of merit
as defined by the dark energy task force (DETF; Albrecht et al.
2006) of 31.3. This is a factor 2 improvement in the FoM with
respect to the C11+DR7+WMAP7 combination considered in
Sullivan et al. (2011). This gain is attributable, for roughly equal
parts, to our improvement in SN measurements and to the im-
provement in CMB and BAO external constraints.

Finally, the combination of CMB, BAO and SN Ia data con-
strains the value of the Hubble parameter H0 at better than 2%
even in generic dark energy models. Our result, H0 =68.50±1.27
km s�1 Mpc�1, is slightly lower (1.9�) than the direct measure-
ment of H0 = 73.8 ± 2.4km s�1 Mpc�1 given in Riess et al.
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Type Ia Supernovae are extremely excellent 
cosmological distance indicators
SNe Ia were used to discover the Universe’s 
acceleration
We have overcome previous hurdles, but
We are currently limited by systematics
Correcting for dust is arguably the largest systematic
Color used to determine amount of dust and distance
Higher velocity supernovae are redder
Measuring velocity (standardizing the crayon) reduces 
bias and scatter ➡ more accurate and precise distances
RAISIN follows the physics and avoids dust
RAISIN is a precursor to JWST and WFIRST 
WFIRST and DES (and JWST and LSST) will be 
tranformational
Cosmology measurements will improve with more 
observations / understanding


