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Figure 2. Confidence contours in the cosmological parameters Ωm 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 α and β 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 Ωm and ΩΛ),
a flat, constant w cosmology (fitting for Ωm and w), a non-
flat cosmology with w free (fitting for w, Ωm, and Ωk), 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 Ωm,
w0, and wa . We always fit for α, β, and MB .

The confidence contours for Ωm 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 α, β, 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 χ2 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 α and β 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 α and β fixed gives w =
−1.117+0.081

−0.082, a ∼0.6σ 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 β, 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 Ωm 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 α and β 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 Ωm and ΩΛ),
a flat, constant w cosmology (fitting for Ωm and w), a non-
flat cosmology with w free (fitting for w, Ωm, and Ωk), 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 Ωm,
w0, and wa . We always fit for α, β, and MB .

The confidence contours for Ωm 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 α, β, 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 χ2 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 α and β 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 α and β fixed gives w =
−1.117+0.081

−0.082, a ∼0.6σ 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 β, 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 Ωm 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 α and β 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 Ωm and ΩΛ),
a flat, constant w cosmology (fitting for Ωm and w), a non-
flat cosmology with w free (fitting for w, Ωm, and Ωk), 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 Ωm,
w0, and wa . We always fit for α, β, and MB .

The confidence contours for Ωm 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 α, β, 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 χ2 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 α and β 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 α and β fixed gives w =
−1.117+0.081

−0.082, a ∼0.6σ 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 β, 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 Ωm 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 α and β 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 Ωm and ΩΛ),
a flat, constant w cosmology (fitting for Ωm and w), a non-
flat cosmology with w free (fitting for w, Ωm, and Ωk), 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 Ωm,
w0, and wa . We always fit for α, β, and MB .

The confidence contours for Ωm 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 α, β, 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 χ2 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 α and β 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 α and β fixed gives w =
−1.117+0.081

−0.082, a ∼0.6σ 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 β, or a shallower slope, than the global
value). We examine this, and related issues, in more detail in
Section 5.
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Table 5
Light-curve Parameters of the Combined SN Sample

Name zcmb
a mB

b s C log10 Mhost
c MJDmax Filters Reference

sn2004s 0.010(0.000) 14.183(0.042) 0.973(0.026) 0.035(0.025) 12.07 53039.56(0.60) BVR 1
sn1999ac 0.010(0.000) 14.130(0.030) 0.987(0.009) 0.056(0.018) 9.92 51249.82(0.07) BVR 2
sn1997do 0.011(0.000) 14.317(0.036) 0.983(0.023) 0.056(0.025) 12.07 50765.81(0.14) BVR 2
sn2006bh 0.011(0.001) 14.347(0.021) 0.814(0.008) −0.045(0.019) 10.91 53833.01(0.06) BgVr 3
sn2002dp 0.011(0.000) 14.597(0.030) 0.973(0.029) 0.113(0.024) 10.47 52450.45(0.20) BVR 4

Notes. Combined SiFTO and SALT2 light-curve parameters for full data sample, with uncertainties in parentheses. Note that the individual variables are
correlated, as are the values for different SNe due to systematic and light-curve fitter training uncertainties.
a Uncertainty does not include residual peculiar velocity uncertainty.
b Includes the lensing term and the effects of the statistical uncertainty in log10 Mhost.
c Host stellar mass in solar masses.
References. (1) Krisciunas et al. 2007; (2) Jha et al. 2006; (3) Contreras et al. 2010; (4) Hicken et al. 2009b; (5) Altavilla et al. 2004; (6) Krisciunas et al. 2000;
(7) Hamuy et al. 1996; (8) Krisciunas et al. 2004b; (9) Krisciunas et al. 2001; (10) Riess et al. 1999; (11) Pastorello et al. 2007; (12) Krisciunas et al. 2004a;
(13) Leonard et al. 2005; (14) Krisciunas et al. 2006; (15) Strolger et al. 2002; (16) Kowalski et al. 2008; (17) Holtzman et al. 2008; (18) G10; (19) Riess et al.
2007.

(This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding its form and content.)
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Figure 4. Statistical SN only constraints on Ωm, w assuming a flat universe and
constant dark energy equation of state.
(A color version of this figure is available in the online journal.)

All SNe are corrected for Galactic extinction using the
maps of Schlegel et al. (1998), including the estimated 10%
random uncertainty for each SN (there is also a correlated
systematic uncertainty discussed in Section 5.6). We correct
for peculiar velocities in the nearby sample (Section 2.8),
Malmquist bias effects (Section 2.7) for all samples, and assign
a random peculiar velocity uncertainty of 150 km s−1, as is
appropriate after the peculiar velocity correction. Our statistical
uncertainties also include the random uncertainty in the SN
model, as described in Appendix A.3 of G10; this means that
the statistical covariance matrix between SNe is not diagonal:
Cstat "= 0. We include the measurement uncertainties in the
host-galaxy masses as described in Section 3.2, and random,
uncorrelated scatter due to lensing following the prescription of
Jönsson et al. (2010): σlens = 0.055 z.

We perform two types of fits: one in which we compute
probabilities over a grid and then report the mean value of
the marginalized parameters, and a χ2 minimization routine
that reports the best fit. We should not expect the two to
agree as they have different meaning, but as such it is useful
to provide both—see Appendix B for further details. The
light-curve parameters for the combined sample are given in
Table 5. The luminosity-distance integral does not converge for
Ωm < 0, so both fits effectively have the (very reasonable)
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Figure 5. Hubble diagram of the combined sample. The residuals from the best
fit are shown in the bottom panel.
(A color version of this figure is available in the online journal.)

Table 6
Results from SN-only Fits

Uncertainties Ωm w α β

Marginalization Fits

Stat only 0.19+0.08
−0.10 −0.90+0.16

−0.20 1.45+0.12
−0.10 3.16+0.10

−0.09

Stat plus Sys 0.18 ± 0.10 −0.91+0.17
−0.24 1.43+0.12

−0.10 3.26+0.12
−0.10

χ2 minimization fits

Stat only 0.19+0.09
−0.12 −0.86+0.17

−0.19 1.397+0.085
−0.083 3.152+0.095

−0.093

Stat plus Sys 0.17+0.10
−0.15 −0.86+0.22

−0.23 1.371+0.086
−0.084 3.18 ± 0.10

prior of Ωm ! 0. Our statistical constraints on Ωm,w in
a flat universe for a constant dark energy equation of state
are shown in Figure 4 using the marginalization approach
and are summarized in Table 6. We find w = −0.90+0.16

−0.20,
consistent with a cosmological constant (w = −1). The Hubble
diagram is shown in Figure 5. The error introduced by using a
simplified treatment of the nuisance parameters α and β (such
as holding them fixed at their best-fit values) is described in
Section 4.6.

The σint and rms values for each sample are summarized in
Table 4. The rms residuals are similar for the low-z, SNLS, and
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Table 5
Light-curve Parameters of the Combined SN Sample

Name zcmb
a mB

b s C log10 Mhost
c MJDmax Filters Reference

sn2004s 0.010(0.000) 14.183(0.042) 0.973(0.026) 0.035(0.025) 12.07 53039.56(0.60) BVR 1
sn1999ac 0.010(0.000) 14.130(0.030) 0.987(0.009) 0.056(0.018) 9.92 51249.82(0.07) BVR 2
sn1997do 0.011(0.000) 14.317(0.036) 0.983(0.023) 0.056(0.025) 12.07 50765.81(0.14) BVR 2
sn2006bh 0.011(0.001) 14.347(0.021) 0.814(0.008) −0.045(0.019) 10.91 53833.01(0.06) BgVr 3
sn2002dp 0.011(0.000) 14.597(0.030) 0.973(0.029) 0.113(0.024) 10.47 52450.45(0.20) BVR 4

Notes. Combined SiFTO and SALT2 light-curve parameters for full data sample, with uncertainties in parentheses. Note that the individual variables are
correlated, as are the values for different SNe due to systematic and light-curve fitter training uncertainties.
a Uncertainty does not include residual peculiar velocity uncertainty.
b Includes the lensing term and the effects of the statistical uncertainty in log10 Mhost.
c Host stellar mass in solar masses.
References. (1) Krisciunas et al. 2007; (2) Jha et al. 2006; (3) Contreras et al. 2010; (4) Hicken et al. 2009b; (5) Altavilla et al. 2004; (6) Krisciunas et al. 2000;
(7) Hamuy et al. 1996; (8) Krisciunas et al. 2004b; (9) Krisciunas et al. 2001; (10) Riess et al. 1999; (11) Pastorello et al. 2007; (12) Krisciunas et al. 2004a;
(13) Leonard et al. 2005; (14) Krisciunas et al. 2006; (15) Strolger et al. 2002; (16) Kowalski et al. 2008; (17) Holtzman et al. 2008; (18) G10; (19) Riess et al.
2007.

(This table is available in its entirety in a machine-readable form in the online journal. A portion is shown here for guidance regarding its form and content.)
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Figure 4. Statistical SN only constraints on Ωm, w assuming a flat universe and
constant dark energy equation of state.
(A color version of this figure is available in the online journal.)

All SNe are corrected for Galactic extinction using the
maps of Schlegel et al. (1998), including the estimated 10%
random uncertainty for each SN (there is also a correlated
systematic uncertainty discussed in Section 5.6). We correct
for peculiar velocities in the nearby sample (Section 2.8),
Malmquist bias effects (Section 2.7) for all samples, and assign
a random peculiar velocity uncertainty of 150 km s−1, as is
appropriate after the peculiar velocity correction. Our statistical
uncertainties also include the random uncertainty in the SN
model, as described in Appendix A.3 of G10; this means that
the statistical covariance matrix between SNe is not diagonal:
Cstat "= 0. We include the measurement uncertainties in the
host-galaxy masses as described in Section 3.2, and random,
uncorrelated scatter due to lensing following the prescription of
Jönsson et al. (2010): σlens = 0.055 z.

We perform two types of fits: one in which we compute
probabilities over a grid and then report the mean value of
the marginalized parameters, and a χ2 minimization routine
that reports the best fit. We should not expect the two to
agree as they have different meaning, but as such it is useful
to provide both—see Appendix B for further details. The
light-curve parameters for the combined sample are given in
Table 5. The luminosity-distance integral does not converge for
Ωm < 0, so both fits effectively have the (very reasonable)
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Figure 5. Hubble diagram of the combined sample. The residuals from the best
fit are shown in the bottom panel.
(A color version of this figure is available in the online journal.)

Table 6
Results from SN-only Fits

Uncertainties Ωm w α β

Marginalization Fits

Stat only 0.19+0.08
−0.10 −0.90+0.16

−0.20 1.45+0.12
−0.10 3.16+0.10

−0.09

Stat plus Sys 0.18 ± 0.10 −0.91+0.17
−0.24 1.43+0.12

−0.10 3.26+0.12
−0.10

χ2 minimization fits

Stat only 0.19+0.09
−0.12 −0.86+0.17

−0.19 1.397+0.085
−0.083 3.152+0.095

−0.093

Stat plus Sys 0.17+0.10
−0.15 −0.86+0.22

−0.23 1.371+0.086
−0.084 3.18 ± 0.10

prior of Ωm ! 0. Our statistical constraints on Ωm,w in
a flat universe for a constant dark energy equation of state
are shown in Figure 4 using the marginalization approach
and are summarized in Table 6. We find w = −0.90+0.16

−0.20,
consistent with a cosmological constant (w = −1). The Hubble
diagram is shown in Figure 5. The error introduced by using a
simplified treatment of the nuisance parameters α and β (such
as holding them fixed at their best-fit values) is described in
Section 4.6.

The σint and rms values for each sample are summarized in
Table 4. The rms residuals are similar for the low-z, SNLS, and
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Light curve fitters give:
✦ time at maximum light - phase
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Chapitre 8. Analyses scienti�ques

F����� 8.1 – En h. : Diagramme de Hubble de 146 SNe issue de l’échantillon NH/AHERN. Les points représentent
les magnitudes B au maximum de lumière (à une constante arbitraire près) avant (symboles ouverts) et après
(symboles pleins) correction par ����2.2, tandis que la ligne rouge indique le meilleur ajustement correspondant.
En b. : résidus au diagramme de Hubble après correction, avec une dispersion de 0,149± 0,009 mag (���), en tout
point comparable aux résultats des expériences de photométrie pure.

8.2 Études de cas

8.2.1 SN 2005gj et les SNe-CSM
Le premier résultat publié par SNfactory concerne l’observation de SN 2005gj, une SN Ia de type « hybride »

initialement classi�ée comme une IIn, car présentant des signes d’intéraction avec une enveloppe circumstellaire
(? Aldering et coll., 2006) 2. Cet objet constitue un rare exemple de SN-��� (Circumstellar Medium, ?) en forte
intéraction avec leur environnement circumstellaire, et qui permettent de porter un regard neuf sur le mystère du
progéniteur.

8.2.2 SN 2006D et le Carbone non brûlé
Deux résultats ont été publiés à propos des SNe Ia « à signature Carbone » (Fig. 8.2), concernant l’observation

de Carbone non brûlé à basse vitesse dans les spectres précoces de SN 2006D (? Thomas et coll., 2007), et la
recherche systématique de signature Carbone dans l’échantillon SNfactory (? Thomas et coll., 2011), aboutissant
à l’identi�cation de 5 cas. Là encore, la non-observation systématique de signatures Carbone dans les spectres
précoces a une incidence sur les modèles d’explosion autorisés.

8.2.3 SN 2007if et les SNe « super-Chandra »
Selon la théorie « classique », les SNe Ia résultent de l’explosion d’une naine blanche (NB) à l’approche de la

masse de Chandrasekhar. Par conséquent, l’observation d’une SN « super-Chandra » surlumineuse pour laquelle
une masse supérieure à la masse limite de 1,4 M� doit être invoquée (?) remet sévèrement en cause cette théorie
Single Degenerate, et relance le modèle Double Degenerate d’une fusion de deux NB. (Voir p.ex. ?, pour une revue
récente.)

2. Dans ce chapitre, je pré�xe par « ? » les études publiées par la collaboration SNfactory a�n de les distinguer des autres travaux.
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R. Pereira & the SNfactory: Spectrophotometric time series of SN 2011fe

Fig. 1. snifs spectrophotometric time series of SN 2011fe from �15 to 100 days relative to B-band maximum light. Breaks in the axis on the
right indicate gaps and changes to the observing cadence. The first break corresponds to a four-day gap in daily cadence before maximum. The
second marks the change from daily to alternating two/three day cadence. The final break is a 50 day hiatus imposed by lack of accessibility to the
target from Mauna Kea.
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A unique data set of spectrophotometric Type Ia supernova spectral time series
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Main goals:
• Anchor the Hubble diagram
• Study of systematics

• Spectral (K-correction)
• Calibration
• Standardization
• Spectral properties
• Extinction
• Explosion models

Data sample:
• 0.01 < redshift < 0.1
• ~250 SNe (> 5 spectra)
• median phase of 1st spec: -4 days
• mean cadence of observation: -3 days
• ~4600 spectra [-15,40] days wrt max
• ~15 spectra / SNe in average
• spectral coverage: 3200 to 9700 Å

Chapitre 6. Acquisition et production des données

F����� 6.14 – Courbes de lumière de 248 SNe Ia issues de la production NH. Les points constituent les mesures de
photométrie synthétique dans les �ltresBVR

SNf

(de h. en b.), tandis que les courbes correspondent aux ajustements
����2.

F����� 6.15 – Distribution en redshifts des
SNe SNfactory (production NH) et des
autres échantillons proches (0,01  z 
0,1). Voir texte pour les références.

– 4 SNe proches du Supernova Cosmology Project, un échantillon focalisé sur les SNe Ia distantes (Kowalski
et coll., 2008; Amanullah et coll., 2010; Suzuki et coll., 2012) ;

– 11 SNe du Sloan Digital Sky Survey Supernova Survey 1re année (Holtzman et coll., 2008; Kessler et coll.,
2009) ;

– L’échantillon CFHT Legacy Survey Supernova Program (Astier et coll., 2006; Guy et coll., 2010) ne fournit pas
de SNe Ia dans ce domaine de redshift.

De part sa distribution en redshift, l’échantillon SNfactory constitue un des échantillons majeurs de SNe Ia
proches, tant en quantité qu’en qualité. En e�et, beaucoup des lots ci-dessus visent des SNe trop proches (z < 0,01)
et détectées lors de recherches ciblées, ce qui les rend particulièrement sensibles à divers biais (mouvements propres
et mouvements d’ensemble, e�ets de sélection). Inversement, les échantillons de SNe lointaines sont déjà sensibles
aux considérations cosmologiques, et ne permettent pas une étude découplée des propriétés des SNe. Ajoutons
évidemment que l’échantillon SNfactory est en outre le seul échantillon spectro-photométrique.
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Spectral analyses of SNe Ia
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SN Ia variabilities: 
intrinsic (progenitor)

& 
extrinsic (host galaxy)

• Different uses:
• Standardization
• Sub-classification
• Extinction
• etc.

N. Chotard & the SNfactory: SN Ia spectroscopic standardization

Fig. 2: Left: Typical SN Ia spectrum at maximum light and its characteristics spectral features. Right: Representation of the four
principal spectral indicators used in SN Ia analyses: the flux ratio (equation 1), the absorption ratio (equation 2), the equivalent
width (equation 3) and the ejecta velocity (equation 4). In this figure are also shown two of the most typical SN Ia spectral features
at maximum light, the Si ii �5972 (left) and Si ii �6355 (right) features. The SNe Ia used for these figures are SN20011fe (Pereira
et al. 2013) and SNF20080512-010 for the left and right panels respectively.

3.2. Measurements

As the spectral indicators will be used as standardisation param-
eters, we need a robust and automatic algorithm as well as an es-
timate of the associated statistical and systematic uncertainties.
The latter mainly arises from the fact that most of the spectral
indicators are defined by the position in rest-frame wavelength
and flux of at least one extremum. The wavelength position of
this given extremum will di↵er from one supernova to another,
even at a given phase. The extremum itself can not be uniquely
defined, i.e., when there is a mix of several local extrema at the
same position, for a flat or monotonic spectrum where we expect
to find an extremum, etc. The S/N will also give an upper limit
to the precision in the estimate of the extremum position, as well
as on the spectral indicator measurement. In this section, we give
a brief overview of the general and automatic method which was
used to compute these spectral indicators and their uncertainties.

3.2.1. Method

All of the spectral indicators presented here are defined by the
position in wavelength and flux of at least one local minimum or
maximum, i.e., peaks or lows of the SN Ia spectral features. A
precise estimate of these local extremum positions and of their
uncertainties is therefore needed in order to achieve a proper
measurement of most of these spectral indicators. To do so, and
taking into account the non-infinite S/N of our data, a smoothing
of the observed data is needed. In our case, we used a Savitzky-
Golay regularisation (Savitzky & Golay 1964) which allows the
reduction of high frequency noise, while keeping the original
shape of the feature. The main idea of the method is to adjust a k-
order polynomial function for each point i in a fixed window size
w (with w > k + 1) centered on the current point. Each observed
data point is replaced by its fitted value, and the window then
moves to the next data point until the spectrum is completely
smoothed. As we have fixed the degree of the polynomial func-
tion to k = 2, the only parameter that we adjust is the window
size, w, which could typically ranges from 4 to 60.

Table 3: Independently smoothed spectral zones.

Zone �min/ �max Elements

1 3450 / 4070 Ca ii H&K
2 3850 / 4150 Si ii �4131;Co ii
3 4000 / 4610 Mg ii triplet
4 4350 / 5350 Fe ii blend
5 5060 / 5700 S iiW
6 5500 / 6050 Si ii �5972
7 5800 / 6400 Si ii �6355
8 5500 / 6400 Si ii �5972;6355
9 6500 / 8800 O i triplet;Ca ii IR

Table 4: Window limits of the peak research zone which define
the continua used to compute equivalent widths. The b and r
exponents respectively represent the left (blue) and right (red)
peak. The wavelengths (�) are all in Angstrom [Å].

Zone Indicators �b
min �b

max �r
min �r

max

1 Ca ii H&K 3504 3687 3830 3990
2 Si ii �4131 3830 3990 4030 4150
3 Mg ii 4030 4150 4450 4650
4 Fe �4800 4450 4650 5050 5285
5 S iiW 5050 5285 5500 5681
6 Si ii �5972 5550 5681 5850 6015
7 Si ii �6355 5850 6015 6250 6365
8 O i �7773 7100 7270 7720 8000
9 Ca ii IR 7720 8000 8300 8800

Since the S/N of a given spectrum is not constant in wave-
length, an independent optimal smoothing of each region enclos-
ing the spectral features is applied. The nine spectral zones in-
dependently smoothed are given in table 3. They roughly corre-
spond to the nine main spectral features shown in the left panel
of figure 2 and mentioned in the previous section.

5
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N. Chotard et al. (Nearby Supernova Factory): Reddening law of SNe Ia 3

Fig. 2. Relation between �AU and �AV after ewSi correction (triangles
up) and after ewSi and ewCa corrections (triangles down). The �AU are
displayed with an added arbitrary constant. The ellipses represent the
full measured covariance matrix between the two bands. They are en-
larged by the additional subtraction error after ewCa correction. The re-
sult of the fits are also displayed. The �Si

U and �Si+Ca
U respectively corre-

spond to the ones in Fig. 3b and Fig. 3c for the U band.

Fig. 3. Black: Reddening law presented as �� ⌘ @A�/@A⇤V as a function
of wavelength. Filled circles correspond to the results obtained using
the UBVRI-like bands, curves are for the spectral analysis. Red: Linear
slope s� (mag/Å) of equivalent widths versus �M�. Dotted lines: CCM
law fit corresponding to the broad bands analysis. Panel a: �M� cor-
rected only for the phase dependence (eq. 1a). Panel b: �M� corrected
for phase and ewSi (eq. 1b). Panel c: �M� corrected for phase, ewSi and
ew

Ca (eq. 1c). The vertical dotted lines represent the UBVRI-like bands
boundaries. The shaded vertical bands represent the Si and Ca domain.
The shaded band around the curves are the statistical errors.

where N is the number of SNe. In the next iteration, the total
covariance matrix is given by Ci + D. We have checked that the
converged matrix does not depend on initial conditions.

4. Results

4.1. ewSi
and ewCa

impacts on the derived extinction law

Results for the SED correction vector, s�, and the reddening law,
��, are presented in Fig. 3 for di↵erent assumptions about the
number of intrinsic components. If SNe were perfect standard
candles a↵ected only by dust as assumed by Eq. 1a and Fig. 3a,
the empirical reddening law �0

� would be a CCM-like law with an
average RV for our galaxy sample. However, �0

� clearly exhibits
small-scale SN-like features. These features correlate strongly
with some of the features in the ewSi correction spectrum, s

Si
�

,
derived via Eq. 1b and illustrated in red in Fig. 3a.

The reddening law obtained after ewSi correction (Fig. 3b) is
closer to a CCM law, except in the Ca ii H&K and IR triplet, and
the Si ii �6355 region. This indicates the presence of a second
source of intrinsic variability. We select ewCa to trace a second
spectral correction vector, s

Ca
�

(Eq. 1c), since Ca is clearly a ma-
jor contributor to the observed variability and ewCa and ewSi also
happen to be uncorrelated (⇢ = 0.06±0.12). As shown in Fig. 3b,
s

Ca
�

does a good job of reproducing the shape of the deviation of
�S i
� relative to the CCM law.

The mean reddening law, �S i+Ca
� , obtained after the addi-

tional correction by ewCa (Fig. 3c) is a much smoother curve
with small residual features, and agrees well with a CCM ex-
tinction law. Thus it appears that these two components can ac-
count for SN Ia spectral variations at optical wavelengths. Any
intrinsic component that might remain would have to be largely
uncorrelated with SN spectral features fixed in wavelength, as
well as being coincidentally compatible with a CCM law.

4.2. RV determination

We apply the same treatment as above to our UBVRI-like syn-
thetic photometric bands, and find agreement with the spec-
tral analysis, as shown by the black points in the three pan-
els in Fig. 3. After the ewSi correction (Eq. 1b, Fig.3b), the
U and I band values deviate significantly from a CCM law,
which is recovered after the full ewSi and ewCa correction
(Eq. 1c, Fig.3c). The empirical fit presented in subsection 3.2
can be forced to follow a CCM extinction law by substituting
�A�,i = (a� + b�/RV ) �A⇤V,i + ⌘�, where a� and b� are the wave-
length dependent parameters given in Cardelli et al. (1989) and
O’Donnell (1994), and a single RV is fit over all bands. This fit
applied to �AS i+Ca

� leads to an average RV = 2.78 ± 0.34 for the
SN host galaxies in our sample. This value is compatible with
the Milky Way average of RV = 3.1 The quoted uncertainty is
statistical and derived with a jackknife procedure, removing one
supernova at a time.

We tested the robustness of our RV determination in several
ways. Since the s� are measured in sequence, each one using the
corrected magnitudes from the previous step, we swap the order
in which the correction is applied, and find RV = 2.70. Using
the whole sample to compute the s� instead of applying a 2�
clipping cut leads to RV = 2.79, showing the small influence of
clipping at this stage. Host galaxy subtraction is performed using
the full spatio-spectral information from the host obtained after
the SN Ia has faded, and we do not see evidence for residual host
galaxy features in our spectra. The measurement covariance ma-
trix Ci is dependent on the assumed calibration accuracy: for the
present result, this is estimated from repeated measurements of
standard stars. Another estimate can be obtained from the resid-
uals to a SALT2 light-curve fit. Using this in Ci values leads to

�I� = sSi� ewSi + sCa
� ewCa

1. Intrinsic spectral indicators
2.  Separation of the ≠ components

3.  Extinction law construction

�A�= �µ�� �I

�A�(i) = �� �A�
V (i) + ��
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Fig. 2. Relation between �AU and �AV after ewSi correction (triangles
up) and after ewSi and ewCa corrections (triangles down). The �AU are
displayed with an added arbitrary constant. The ellipses represent the
full measured covariance matrix between the two bands. They are en-
larged by the additional subtraction error after ewCa correction. The re-
sult of the fits are also displayed. The �Si

U and �Si+Ca
U respectively corre-

spond to the ones in Fig. 3b and Fig. 3c for the U band.

Fig. 3. Black: Reddening law presented as �� ⌘ @A�/@A⇤V as a function
of wavelength. Filled circles correspond to the results obtained using
the UBVRI-like bands, curves are for the spectral analysis. Red: Linear
slope s� (mag/Å) of equivalent widths versus �M�. Dotted lines: CCM
law fit corresponding to the broad bands analysis. Panel a: �M� cor-
rected only for the phase dependence (eq. 1a). Panel b: �M� corrected
for phase and ewSi (eq. 1b). Panel c: �M� corrected for phase, ewSi and
ew

Ca (eq. 1c). The vertical dotted lines represent the UBVRI-like bands
boundaries. The shaded vertical bands represent the Si and Ca domain.
The shaded band around the curves are the statistical errors.

where N is the number of SNe. In the next iteration, the total
covariance matrix is given by Ci + D. We have checked that the
converged matrix does not depend on initial conditions.

4. Results

4.1. ewSi
and ewCa

impacts on the derived extinction law

Results for the SED correction vector, s�, and the reddening law,
��, are presented in Fig. 3 for di↵erent assumptions about the
number of intrinsic components. If SNe were perfect standard
candles a↵ected only by dust as assumed by Eq. 1a and Fig. 3a,
the empirical reddening law �0

� would be a CCM-like law with an
average RV for our galaxy sample. However, �0

� clearly exhibits
small-scale SN-like features. These features correlate strongly
with some of the features in the ewSi correction spectrum, s

Si
�

,
derived via Eq. 1b and illustrated in red in Fig. 3a.

The reddening law obtained after ewSi correction (Fig. 3b) is
closer to a CCM law, except in the Ca ii H&K and IR triplet, and
the Si ii �6355 region. This indicates the presence of a second
source of intrinsic variability. We select ewCa to trace a second
spectral correction vector, s

Ca
�

(Eq. 1c), since Ca is clearly a ma-
jor contributor to the observed variability and ewCa and ewSi also
happen to be uncorrelated (⇢ = 0.06±0.12). As shown in Fig. 3b,
s

Ca
�

does a good job of reproducing the shape of the deviation of
�S i
� relative to the CCM law.

The mean reddening law, �S i+Ca
� , obtained after the addi-

tional correction by ewCa (Fig. 3c) is a much smoother curve
with small residual features, and agrees well with a CCM ex-
tinction law. Thus it appears that these two components can ac-
count for SN Ia spectral variations at optical wavelengths. Any
intrinsic component that might remain would have to be largely
uncorrelated with SN spectral features fixed in wavelength, as
well as being coincidentally compatible with a CCM law.

4.2. RV determination

We apply the same treatment as above to our UBVRI-like syn-
thetic photometric bands, and find agreement with the spec-
tral analysis, as shown by the black points in the three pan-
els in Fig. 3. After the ewSi correction (Eq. 1b, Fig.3b), the
U and I band values deviate significantly from a CCM law,
which is recovered after the full ewSi and ewCa correction
(Eq. 1c, Fig.3c). The empirical fit presented in subsection 3.2
can be forced to follow a CCM extinction law by substituting
�A�,i = (a� + b�/RV ) �A⇤V,i + ⌘�, where a� and b� are the wave-
length dependent parameters given in Cardelli et al. (1989) and
O’Donnell (1994), and a single RV is fit over all bands. This fit
applied to �AS i+Ca

� leads to an average RV = 2.78 ± 0.34 for the
SN host galaxies in our sample. This value is compatible with
the Milky Way average of RV = 3.1 The quoted uncertainty is
statistical and derived with a jackknife procedure, removing one
supernova at a time.

We tested the robustness of our RV determination in several
ways. Since the s� are measured in sequence, each one using the
corrected magnitudes from the previous step, we swap the order
in which the correction is applied, and find RV = 2.70. Using
the whole sample to compute the s� instead of applying a 2�
clipping cut leads to RV = 2.79, showing the small influence of
clipping at this stage. Host galaxy subtraction is performed using
the full spatio-spectral information from the host obtained after
the SN Ia has faded, and we do not see evidence for residual host
galaxy features in our spectra. The measurement covariance ma-
trix Ci is dependent on the assumed calibration accuracy: for the
present result, this is estimated from repeated measurements of
standard stars. Another estimate can be obtained from the resid-
uals to a SALT2 light-curve fit. Using this in Ci values leads to

�I� = sSi� ewSi + sCa
� ewCa

1. Intrinsic spectral indicators
2.  Separation of the ≠ components

3.  Extinction law construction

�A�= �µ�� �I

�A�(i) = �� �A�
V (i) + ��
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covariance matrix is given by Ci + D. We have checked that the
converged matrix does not depend on initial conditions.

4. Results

4.1. ewSi
and ewCa

impacts on the derived extinction law

Results for the SED correction vector, s�, and the reddening law,
��, are presented in Fig. 3 for di↵erent assumptions about the
number of intrinsic components. If SNe were perfect standard
candles a↵ected only by dust as assumed by Eq. 1a and Fig. 3a,
the empirical reddening law �0

� would be a CCM-like law with an
average RV for our galaxy sample. However, �0

� clearly exhibits
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with some of the features in the ewSi correction spectrum, s
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derived via Eq. 1b and illustrated in red in Fig. 3a.
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jor contributor to the observed variability and ewCa and ewSi also
happen to be uncorrelated (⇢ = 0.06±0.12). As shown in Fig. 3b,
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does a good job of reproducing the shape of the deviation of
�S i
� relative to the CCM law.
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� , obtained after the addi-

tional correction by ewCa (Fig. 3c) is a much smoother curve
with small residual features, and agrees well with a CCM ex-
tinction law. Thus it appears that these two components can ac-
count for SN Ia spectral variations at optical wavelengths. Any
intrinsic component that might remain would have to be largely
uncorrelated with SN spectral features fixed in wavelength, as
well as being coincidentally compatible with a CCM law.

4.2. RV determination

We apply the same treatment as above to our UBVRI-like syn-
thetic photometric bands, and find agreement with the spec-
tral analysis, as shown by the black points in the three pan-
els in Fig. 3. After the ewSi correction (Eq. 1b, Fig.3b), the
U and I band values deviate significantly from a CCM law,
which is recovered after the full ewSi and ewCa correction
(Eq. 1c, Fig.3c). The empirical fit presented in subsection 3.2
can be forced to follow a CCM extinction law by substituting
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length dependent parameters given in Cardelli et al. (1989) and
O’Donnell (1994), and a single RV is fit over all bands. This fit
applied to �AS i+Ca

� leads to an average RV = 2.78 ± 0.34 for the
SN host galaxies in our sample. This value is compatible with
the Milky Way average of RV = 3.1 The quoted uncertainty is
statistical and derived with a jackknife procedure, removing one
supernova at a time.

We tested the robustness of our RV determination in several
ways. Since the s� are measured in sequence, each one using the
corrected magnitudes from the previous step, we swap the order
in which the correction is applied, and find RV = 2.70. Using
the whole sample to compute the s� instead of applying a 2�
clipping cut leads to RV = 2.79, showing the small influence of
clipping at this stage. Host galaxy subtraction is performed using
the full spatio-spectral information from the host obtained after
the SN Ia has faded, and we do not see evidence for residual host
galaxy features in our spectra. The measurement covariance ma-
trix Ci is dependent on the assumed calibration accuracy: for the
present result, this is estimated from repeated measurements of
standard stars. Another estimate can be obtained from the resid-
uals to a SALT2 light-curve fit. Using this in Ci values leads to

�I� = sSi� ewSi + sCa
� ewCa

1. Intrinsic spectral indicators
2.  Separation of the ≠ components

3.  Extinction law construction

�A�= �µ�� �I

�A�(i) = �� �A�
V (i) + ��

SNe Ia intrinsic color dispersion 
matrix introduced.

Result taken into account in 
recent analyses (Light Curve fitter)

RV = 2.6± 0.4

Classic extinction law
+
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✦Published analyses: 
✦ Peculiar SNe (Aldering 06, Thomas 07), 

✦ SN 2011fe (PTF11kly) (Pereira 13)

✦ Super-Chandra (Scalzo 10, Scalzo 12), 

✦ Host (Childress 11), 

✦ Standardization (Bailey 09), 

✦ Extinction (Chotard 11), 

✦ Carbon-footprint (Thomas 11), 

✦ Constrains on explosion models (Ropke 12), 

✦ Light curve fitters (Kim 13)

✦ Host galaxies analysis (Childress 13 a & b),

✦ Atmospheric extinction (Buton 12), 

Case studies

Spectral analyses

Host analyses
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Summary
 Context   SNfactory   Results   Summary   

SNfactory Data Sample
✦ ~250 SNe Ia spectrophotometric time series so far,

✦ Best and largest nearby sample, unique in its kind

✦ SNe Ia spectral observations continue every 2-3 days

SNfactory Analyses
✦ Study of known or potential new systematics

✦ Work is ongoing on a lot of different aspects using the SNIFS data:

• Standardization: improvement has already been achieved

• Environmental effects: host global vs local properties

• SNe Ia understanding: Spectral analyses, modeling, case studies, twins, etc.

SNfactory dataset will be a landmark for futur SN Ia analyses
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