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Hubble diagram

SNLS3: Conley et al 2011

D
is

ta
n

ce
 m

o
d

u
lu

s

Redshift

The Astrophysical Journal Supplement Series, 192:1 (29pp), 2011 January Conley et al.

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 !m, 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): !lens = 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 "2 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
!m < 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 !m w # $

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

"2 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 !m ! 0. Our statistical constraints on !m,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 # and $ (such
as holding them fixed at their best-fit values) is described in
Section 4.6.

The !int 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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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;
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(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 !m, 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): !lens = 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 "2 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
!m < 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 !m w # $

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

"2 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 !m ! 0. Our statistical constraints on !m,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 # and $ (such
as holding them fixed at their best-fit values) is described in
Section 4.6.

The !int and rms values for each sample are summarized in
Table 4. The rms residuals are similar for the low-z, SNLS, and

11

High-z

 Context   SNfactory   Results   Summary   

H2
0L0

⌦⇤,⌦M , w, ...+H2
0L0

29/05/2013

SNfactory

http://adsabs.harvard.edu/abs/2011ApJS..192....1C
http://adsabs.harvard.edu/abs/2011ApJS..192....1C


4N. Chotard

Cosmological uncertainties
The Astrophysical Journal, 737:102 (19pp), 2011 August 20 Sullivan 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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SNIFS  UH 2.2-m

Every 2-3 nightsSpectro-photometry 
of nearby SNe Ia

SNIFS

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.

Article number, page 5 of 23

Analyses

Pereira et al. 2013

A unique data set of spectrophotometric Type Ia supernovae spectral time series

SN2011fe

http://adsabs.harvard.edu/abs/2013arXiv1302.1292P
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The Nearby Supernova Factory
 Context   SNfactory   Results   Summary   
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Main goals:
• Anchor the Hubble diagram
• Study of systematics

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

Data sample:
• 284 SNe (> 5 spectra)
• 4625 spectra [-15,40] days wrt max
• 0.01 < redshift < 0.1
• median phase of 1st spec: -4 days
• mean cadence of observation: -3 days
• 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
 Context   SNfactory   Results   Summary   

SN Ia variabilities: 
intrinsic (progenitor)

& 
extrinsic (host galaxy)

• Different uses:
• Standardisation
• 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

•Spectral indicators :
• Some are sensitive to extinction 
• Other are mixt: (in/ex)trinsic

Cosmological systematics/bias 
studies related to their spectral 

variabilities
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Analyse
• Intrinsic spectral indicators
• Separation of the ≠ composantes
• Extinction law construction

Conclusions
• SNe Ia color dispersion needed
• Classical extinction law retrieved
• Potential bias  

Problem
• Shape + slope of the extinction law:  

reccurent issue in SN Ia analyses 
• Influence on standardisation/cosmology

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

Result taken into account in recent analyses

29/05/2013

http://cdsads.u-strasbg.fr/abs/2011arXiv1103.5300C
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• Spectral indicators correlations with 
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• Classical photometric methods: 

color + light curve width
• Limit of the photometric analysis: 15% 
• How to use spectral informations?

Conclusions
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• Only one spectrum needed,
• But weak improvement

Chotard et al. 2013a (in prep.)
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SNe Ia sub-classes

N. Chotard & the SNfactory: SN Ia spectroscopic standardization

Table 3: Hubble diagram fit results using the SALT2 parameters x1 and c as empirical corrections. These fits contain the 98 SNe Ia
having a spectrum ±2.5 days around maximum light (line (vi) of table 1). This table is shown as a reference result for this analysis
together with figure 2.

Case MB ↵ � WRMS �int

None 0.24 ± 0.04 – – 0.354 ± 0.023 0.331
x1 only 0.21 ± 0.04 �0.09 ± 0.03 – 0.341 ± 0.022 0.319
c only 0.05 ± 0.03 – 2.59 ± 0.20 0.197 ± 0.013 0.176
x1 & c 0.00 ± 0.02 �0.13 ± 0.02 2.77 ± 0.15 0.144 ± 0.010 0.116

Fig. 3: Left: Wang et al. (2009) classification scheme: EWSi ii �6355 vs. vSi ii �6355. The black dashed lines represent the mean
value of the normal SN Ia distribution. The red dashed line corresponds to the velocity cut-o↵ applied in Blondin et al. (2012b)
to defined their normal and HV groups. Right: Branch et al. (2009) classification scheme: EWSi ii �5972 vs. EWSi ii �6355. The
symbols correspond to the di↵erent groups defined by the criteria described in the text. These measurements were made on the
closest spectrum to maximum light in a phase window range of ±2.5 days around the maximum.

the strict boundaries presented above, we find that 38 SNe Ia fall
in the CN subclass (⇠ 39%), 23 SNe Ia fall into the BL subclass
(⇠ 24%), 22 SNe Ia fall into the SS subclass (⇠ 22%) and 15
SNe Ia fall into the CL subclass (⇠ 15%).

We have also checked that enlarging the size of the window
to a 5 days range around the maximum light does not change the
observed trends.

4.2. Standardization of SN Ia sub-classes

We present in table 4 the results of several (x1,c) corrected
Hubble diagram fits independently made with or without the six
sub-classes previously introduced. This table contains the nui-
sance parameter values (MB, ↵ and �), along with the WRMS
and the intrinsic dispersion estimated for each fit. To estimate
the significance of these results in a quantitative way, and since
these sub-samples do not share the same number of SNe Ia, we
have performed simulations. They are based on 5000 realisations
of randomly selected supernovæ from the initial sample with the
same population of the subclasses. If we take as an example the
CN subclass, the procedure is as follow: 38 SNe Ia are randomly
selected from the 98 SNe Ia constituting the initial sample, with
all their measured values of redshifts, magnitudes, covariance
matrices, etc. We run the Hubble fit with these 38 supernovæ,
keep all the fitted parameters (MB, ↵, �, �int) and compute the
WRMS of this fit. Repeating this 5000 times, we construct a dis-
tribution for each of these five parameters. These distributions

construct the reference simulation for the CN subclass, to which
the values of the five previously mentioned parameters coming
from the (x1,c) corrected Hubble diagram fit using the CN sub-
class are compared. For each parameter, we compute the p-value
and their associated significance in the approximation of a nor-
mal distribution (z-value). This procedure is run for each sub-
class, and gives 10 sample size dependant simulations which al-
low to estimate the significance of each result shown in table 4.
The p-value and significance on the WRMS only are shown in
the last two columns of table 4 for the 10 presented cases. When
a given result di↵ers from the global fit results performed on the
whole sample, its significance will be given in the text.

As the four Branch subclasses are defined using the Si ii
�5972 and Si ii �6355 equivalent widths, we expect these sub-
samples to have a slightly di↵erent intrinsic x1 and magnitude
distributions. The correlation of these equivalent widths to the
stretch (or x1) and the B-band magnitudes have indeed already
been shown in di↵erent analyses (see section ??). This e↵ect
is illustrated in figures 4 and 5, which respectively show their
x1 distributions and their B-band Hubble residual distributions
for three di↵erent corrections. As we can see in figure 4, the
distribution and mean value of x1 of these sub-classes is quite
di↵erent, and extends from �1.25 ± 0.25 for the CL sample to
0.47 ± 0.13 for the SS sample. This ordering in x1 values (CL,
BL, CN and SS) is consistent with the correlation already ob-
served of the silicon equivalent widths with x1. We also show
in figure 6 their mean rest-frame spectra and dispersions. These
mean spectra have been computed after correcting for their ob-
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Presence of sub-classes could introduce bias 
in cosmological analyses:

• ≠ in absolute magnitudes,
• ≠ in color-stretch/magnitude relations
• ≠ intrinsic variablitiy,
• Evolution with redshift

Analyse:
• Sub-classes have been defined using 

intrinsic spectral indicators

Conclusions :
• No obvious sub-classes, but
• Dispersion ~0.15 to ~0.12 without the SS
• Are this subclass really different? 
• Work in progress !

Chotard et al. 2013b (in prep.)

N. Chotard & the SNfactory: SN Ia spectroscopic standardization

Fig. 5: B-band nearby Hubble diagram residual distributions of
the four Branch sub-classes. Top panel: SALT2 color corrected.
Middle panel: SALT2 x1 and color corrected. Bottom panel:
SALT2 x1, color and EWSi ii �6355 corrected. The distribution
averages and their standard deviations are shown in brackets.
The color code is the same as in the right hand side of figures 3,
where the number of SNe Ia included in each sub-sample can be
found. The shaded areas represent the best Gaussian fits to each
sub-class distribution.

We first studied the standardization behavior of di↵erent
SN Ia sub-classes defined by their distribution in di↵erent max-
imum light spectral indicator space. The di↵erence between one
of the “Branch” sub-classes (the Shallow Silicon) SNe Ia and
the others was found to be of about 0.15 mag after indepen-
dent Hubble diagram fits using the SALT2 parameters. Using the
x1 and c parameters in the standardization process without this
SS subclass decreases the WRMS of the Hubble residuals from
⇠ 0.14 mag to ⇠ 0.12 mag at the 3� level. As the SS population
represents about 22% of the total sample, its removal would lead
to a small decrease of the sample size compared to the gain ob-
tained in distance estimate precision. We have also shown that
this bias in absolute magnitude di↵erence is largely mitigated if
one of the three silicon feature equivalent widths is added as a
third parameter during the minimization of the Hubble residuals.

The results presented in tables 4, ??, ?? and ??, are obtained
in a range of phases of ±2.5 days around the B maximum light.
To increase the statistics, other collaborations often extend the
phase range to ⇠ ±5 days around the maximum light. If we re-
peat the analysis presented in the previous section using all the
closest spectra to the maximum light included in a 5 days win-
dow, we end up with 115 SNe Ia (see table 1). These 17 addi-
tional SNe Ia all have a spectrum with a phase in [-5,-2.5] days
or [2.5,5] days. Increasing the range of phase indeed does in-

Fig. 6: Branch sub-classes spectral variabilities. Top panel:
Branch sub-classes mean absolute spectra as a function of rest-
frame wavelength. The number of spectra used to compute each
mean spectrum is noted in brackets. All the spectra used to com-
pute the averages have first been color (B-V) corrected using a
classical extinction law (Cardelli et al. 1989; O’Donnell 1994,
RV =3.1). Bottom panel: Absolute magnitudes and their disper-
sion (shaded areas) relative to the global mean magnitude of the
sample (black dotted lines). A constant term has been added to
each of them for clarity.

crease the sample of SNe Ia, but does not improve any of the
spectral indicator standardization power. The equivalent widths
measured in the IR part of the spectrum (O i �7773 and Ca ii IR),
show a small correlation with the phase of their corresponding
spectra (⇠ 0.3 � 0.4). These correlations being weak, and their
standardization power being almost nonexistent, we do not dis-
cuss this point in more details.

This analysis was performed on the B Hubble diagram resid-
uals only, as most of SN Ia observations and analyses. It confirms
the limit of the current spectroscopic standardization technique.
While we confirmed that a single flux ratio measured at maxi-
mum light is able to reduce the B-band Hubble residual disper-
sion as well as the photometric parameters do, we did not find
any other spectral indicator leading to a significant improvement
in SN Ia distance measurement. It has been shown recently in
several analyses that the dispersion of the Hubble residuals in the
IR is greatly lower than in the blue part of the spectrum (Barone-
Nugent et al. 2012), since both interstellar extinction and SN Ia
intrinsic variability are much lower in this range. To really see
the limit of such analysis with spectral indicators, one has to ex-
tend this work to the full spectrum, as was started in Chotard
et al. (2011). Of course, a generalisation at other phases could
also be a possible study of interest in order to definitely see if
new measurements could lead to an improvement of SN Ia stan-
dardization in all wavelength. These studies have already been
started on other samples (Blondin et al. 2011), and is also one of
the next analysis to perform with the SNfactory sample.

The limits of classical spectral indicators as standardization
tools does not imply that we should forget about them, but in-
stead find other ways of using them in order to increase our un-
derstanding of SNe Ia, as already done in many di↵erent stud-
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The color code is the same as in the right hand side of figures 3,
where the number of SNe Ia included in each sub-sample can be
found. The shaded areas represent the best Gaussian fits to each
sub-class distribution.

We first studied the standardization behavior of di↵erent
SN Ia sub-classes defined by their distribution in di↵erent max-
imum light spectral indicator space. The di↵erence between one
of the “Branch” sub-classes (the Shallow Silicon) SNe Ia and
the others was found to be of about 0.15 mag after indepen-
dent Hubble diagram fits using the SALT2 parameters. Using the
x1 and c parameters in the standardization process without this
SS subclass decreases the WRMS of the Hubble residuals from
⇠ 0.14 mag to ⇠ 0.12 mag at the 3� level. As the SS population
represents about 22% of the total sample, its removal would lead
to a small decrease of the sample size compared to the gain ob-
tained in distance estimate precision. We have also shown that
this bias in absolute magnitude di↵erence is largely mitigated if
one of the three silicon feature equivalent widths is added as a
third parameter during the minimization of the Hubble residuals.

The results presented in tables 4, ??, ?? and ??, are obtained
in a range of phases of ±2.5 days around the B maximum light.
To increase the statistics, other collaborations often extend the
phase range to ⇠ ±5 days around the maximum light. If we re-
peat the analysis presented in the previous section using all the
closest spectra to the maximum light included in a 5 days win-
dow, we end up with 115 SNe Ia (see table 1). These 17 addi-
tional SNe Ia all have a spectrum with a phase in [-5,-2.5] days
or [2.5,5] days. Increasing the range of phase indeed does in-

Fig. 6: Branch sub-classes spectral variabilities. Top panel:
Branch sub-classes mean absolute spectra as a function of rest-
frame wavelength. The number of spectra used to compute each
mean spectrum is noted in brackets. All the spectra used to com-
pute the averages have first been color (B-V) corrected using a
classical extinction law (Cardelli et al. 1989; O’Donnell 1994,
RV =3.1). Bottom panel: Absolute magnitudes and their disper-
sion (shaded areas) relative to the global mean magnitude of the
sample (black dotted lines). A constant term has been added to
each of them for clarity.

crease the sample of SNe Ia, but does not improve any of the
spectral indicator standardization power. The equivalent widths
measured in the IR part of the spectrum (O i �7773 and Ca ii IR),
show a small correlation with the phase of their corresponding
spectra (⇠ 0.3 � 0.4). These correlations being weak, and their
standardization power being almost nonexistent, we do not dis-
cuss this point in more details.

This analysis was performed on the B Hubble diagram resid-
uals only, as most of SN Ia observations and analyses. It confirms
the limit of the current spectroscopic standardization technique.
While we confirmed that a single flux ratio measured at maxi-
mum light is able to reduce the B-band Hubble residual disper-
sion as well as the photometric parameters do, we did not find
any other spectral indicator leading to a significant improvement
in SN Ia distance measurement. It has been shown recently in
several analyses that the dispersion of the Hubble residuals in the
IR is greatly lower than in the blue part of the spectrum (Barone-
Nugent et al. 2012), since both interstellar extinction and SN Ia
intrinsic variability are much lower in this range. To really see
the limit of such analysis with spectral indicators, one has to ex-
tend this work to the full spectrum, as was started in Chotard
et al. (2011). Of course, a generalisation at other phases could
also be a possible study of interest in order to definitely see if
new measurements could lead to an improvement of SN Ia stan-
dardization in all wavelength. These studies have already been
started on other samples (Blondin et al. 2011), and is also one of
the next analysis to perform with the SNfactory sample.

The limits of classical spectral indicators as standardization
tools does not imply that we should forget about them, but in-
stead find other ways of using them in order to increase our un-
derstanding of SNe Ia, as already done in many di↵erent stud-
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Fig. 2. SN 2011fe synthesized light curves using the UBVRISNf filter set. Filled and open symbols stand for photometric and non-photometric
nights respectively. The results of a SALT2 simultaneous fit of UBVRSNf in the phase range � 16 < t < + 25 d are shown as solid lines, along with
the corresponding residuals (SALT2 - snifs) on the lower panel. The shaded areas represent the SALT2 model error. The residuals for the first
points of USNf and BSNf fall outside the panel, and the RMS on the residuals for each band ignores the first 2 points. The break in the time axis
corresponds to the ⇠ 50 day gap in follow-up during which SN 2011fe was not visible during the night from Hawaii. Note the change of scale of
the extended time axis covering the late observations.

missions, shifted to match Landolt (1992) observations. If we
use instead the magnitude system based on the BM12 transmis-
sions, the e↵ect on the fitted parameters is very small, and com-
pletely within the quoted uncertainties.

The fit was performed using all available observations within
four weeks of maximum light, including the very first one, which
falls just outside the default SALT2 phase range of � 15 < t <
+ 45 d. Early observations are deweighted by the SALT2 error
model. Simply omitting the first four observations (phases <
� 12 d) results in a shift in the date of maximum of �0.018 d,
well inside the quoted error.

The light curves, fits and corresponding residuals can be
seen in Fig. 2 (for a comparison with light curve results already
published on the literature see Sect. 3.1). The fitted B maxi-
mum of 9.94 ± 0.01 mag was reached on 2011 September 10.5.
The best-fit SALT2 parameters are x1 = �0.206 ± 0.071, c =
�0.066 ± 0.021 (see Table 3 for a full summary of extracted
photometric and spectroscopic parameters). Excluding USNf-
band data from the fit, we obtain a negligible shift for the date

and magnitude at maximum, and x1 = �0.149 ± 0.096, c =
�0.061 ± 0.027. The light curve shape parameters are typical
of a “normal” (if slightly blue) SN Ia: the median values for the
x1 and c distributions of the nearby (z  0.1) SNe Ia used by
Conley et al. (2011) are respectively �0.249 and �0.026 (J. Guy,
private communication). The V-band absolute magnitude (as-
suming µ = 29.04 ± 0.19, Shappee & Stanek 2011) at B peak,
MmaxB V = �19.05 ± 0.19 mag matches perfectly the average
found by Riess et al. (2009, �19.06 ± 0.05 mag).

The RMS of the residuals of the four fitted filters, ignoring
the first two exposures due to the large discrepancies with the
SALT2 model (cf. Sect. 4.2), are respectively 0.06, 0.03, 0.04
and 0.04 mag. The points that deviate the most from the fit
are those for phases t < �10 d, showing the inadequacy of the
SALT2 model for such early phases. Nevertheless, the exposure
of night MJD 55805 (t ⇠ � 9 d, cf. Fig. 2) seems to present a
systematic error in its flux calibration of ⇠ 0.1 mag, since it is
brighter than we would expect based on observations on neigh-
boring nights.

Article number, page 6 of 23
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Figure 10. Hubble residuals vs. central merger remnant mass for our sample
(black points). SN 1991T (red) and SN 2003fg (green) are also plotted for
comparison. Error bars are 68% (1! ) uncertainties. The dotted black line is the
best-fit linear trend.
(A color version of this figure is available in the online journal.)

agreement may improve with a larger sample of SNe. The other
two models agree less well, predicting more high-mass mergers
than we see in our sample. In the " = 1.5 model, the relative rate
of events dN/dMtot is about a factor of three higher at 1.4 M!
than at 2.1 M!, consistent with our observations. The other two
models predict more high-mass mergers than we observe; we see
no evidence for a separate formation channel or peak near 2 M!
as suggested by Fryer et al. (2010). If such massive mergers do
exist, then they must therefore produce less 56Ni, and be less
luminous at maximum light, than the SNe in our sample.

5.6. Hubble Residuals and Implications for Cosmology

Table 3 also contains the Hubble residuals of each SN in our
sample from a standard !CDM cosmology:

"µ = mB " 25 " 5 log10(dL/Mpc) " #(s " 1) + $c " MB,
(10)

where mB, s, and c are derived from the SALT2 fits, dL is
calculated using Wright (2006), and we use values of #, $,
and MB from the w = "1 fit of Sullivan et al. (2011). (We use
MB = M1

B , i.e., the absolute magnitude appropriate for SNe in
host galaxies with stellar mass less than 1010 M!.)

Figure 10 plots the relation "µ versus MWD (instead of Mtot,
so that it does not depend on interpreting the velocity plateau
in terms of an envelope) for the six SNfactory SNe Ia. For
comparison, we also plot SN 1991T and SN 2003fg, modeled
in a similar fashion (see the Appendix). The Hubble residuals
show a correlation with increasing mass (Pearson r = "0.76,
p = 0.03). SN 2007if is 1.3 mag overluminous for its stretch
and color, and by 1 mag even if no correction is made for its
redder-than-average color. SNF 20080723-012 is about 0.6 mag
too luminous for its stretch and color, putting it off the Hubble
diagram but to a lesser degree than SN 2007if. At the low-mass
end, SNF 20070803-005 and SNF 20080522-000, while slightly
overluminous, are not alarmingly discrepant, being within two
standard deviations of the !CDM Hubble diagram assuming an
intrinsic dispersion of 0.15 mag. The higher-redshift (z # 0.12)
SNF 20070528-003 and SNF 20070912-000 are too luminous
for their stretch and color by about 0.5 mag; the residual
decreases to about 0.4 mag if no correction is made for the
color.

If the correlation shown in Figure 10 is real, and the large
Hubble residuals of SN 2003fg and SN 2007if are related

to their large progenitor masses, then the large Hubble resid-
uals of SNF 20070528-003 and SNF 20070912-000 provide
further circumstantial evidence that they too may have super-
Chandrasekhar-mass progenitors. One might expect deviations
of super-Chandra candidate SNe Ia from the width–luminosity
relation for normal SNe Ia, either because the large ejected mass
could increase the diffusion time of radiation through the ejecta
relative to Chandrasekhar-mass explosions, or because the en-
hanced mixing of 56Ni into the outer layers of ejecta in these
events affects the ionization state at the photosphere (see Kasen
& Woosley 2007 and references therein).

Previous authors have warned about overluminous SNe Ia
that could skew the cosmological parameters. Reindl et al.
(2005) found that the SN 1991T subclass gives a mean Hubble
residual of "0.4 mag. The sample presented here has a mean
Hubble residual of "0.56 mag, dropping to "0.41 mag if
SN 2007if were excluded on the grounds that it would be
easy to eliminate. However, without a spectroscopic veto at
high redshift, or by relying only on photometry at any redshift,
it will be difficult to tag and remove SNe such as these
from the Hubble diagram. Although SN 2007if is excessively
overluminous and would probably be excluded from any Hubble
diagram on that basis, somewhat less luminous analogs like
SNF 20080723-012 probably could not be safely removed based
on their overluminosity alone. It would also be difficult, without
spectroscopy, to distinguish intrinsically overluminous SNe Ia
from normal SNe Ia magnified by gravitational lensing; since
lensing conserves photons in general relativity (Weinberg 1976),
all events must be included on the Hubble diagram to avoid bias
in the reconstructed cosmological parameters.

Suppose candidate super-Chandra SNe Ia occur at the rel-
ative rate we calculate for our redshift-limited subsample in
Section 5.4 (2.6+1.9

"0.7) and have a mean Hubble diagram resid-
ual of "0.41 mag, the mean of the Table 3 entries excluding
SN 2007if. The mean absolute magnitude of SNe Ia is then
0.01–0.02 mag higher (68% CL) than it would be if these SNe
followed the normal relations. This number is already compa-
rable to the 2% error budget suggested in Kim et al. (2004) for
Stage IV SN Ia cosmology experiments, and would be realized
if the rate evolves by either doubling or going to zero at high
redshift.

6. CONCLUSIONS

We have observed a sample of SNe Ia which we selected
on the basis of their pre-maximum similarity to SN 2007if,
searching for new candidate super-Chandra SNe Ia. Based on
these spectroscopic analogs, we find that SN 2007if probably
lies on the extreme luminous end, with a hot, highly ionized
photosphere and a disturbed density structure resulting from a
stalled shock within the ejecta. We interpret these characteristics
as evidence for an interaction with a circumstellar envelope
early in the SN’s evolution, as one might expect in a double-
degenerate merger scenario.

To reconstruct the masses of the progenitors, we apply an up-
dated version of the modeling technique of Scalzo et al. (2010).
By applying this technique to SN 1991T for comparison with
Stritzinger et al. (2006), we show that including NIR flux near
phase +40 days as part of the bolometric flux has a significant
impact on the final reconstructed mass; while there is some
uncertainty associated with correcting for NIR flux not actu-
ally observed, ignoring such a correction causes the mass to
be systematically underestimated. Our modeling technique in-
cludes a set of Bayesian priors motivated by theoretical models,
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✦ Standardization (Bailey 09), 
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✦ 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), 

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
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Figure 5. Top: Combined Hubble residuals and host galaxy masses for the SNfactory sample (this work), the SNLS survey (Sullivan et al.
2010; Guy et al. 2010), the SDSS-SN survey (Gupta et al. 2011), and literature low-z sample (Kelly et al. 2010; Hicken et al. 2009); marked
as blue circles, green diamonds, magenta triangles, and red squares, respectively. Symbol size is inversely proportional to Hubble residual
error, and open symbols represent SNe Ia whose Hubble residual measurement errors exceed 0.2 magnitudes. The weighted mean Hubble
residuals for high- and low-mass-hosted SNe Ia are shown as thick black bars, and the best fit linear trend is the thick dashed orange line.
Bottom: Histograms of host mass distributions for the four samples.

cluding our own. If most of the Hubble residual bias
between low- and high-mass hosted SNe Ia is driven by a
rapid shift in mean Hubble residuals over a short range,
then the local Hubble residual gradient can be quite
strong. Indeed if the entire o↵set of 0.086 ± 0.016 mag
transitions over a mass range of 0.6 dex, then one would
expect a gradient of 0.14 ± 0.03 mag/dex, which is re-
markably close to the trend reported by Kelly et al.
(2010). Most of their SN Ia hosts were in the mass range
of this transition, and thus serendipitously occurred in
the region where the host bias is strongest.
For completeness here, we note that the weighted mean

and RMS values have only a mild dependence on how one
chooses to weight individual SNe Ia. For this Section and
the analysis of SNfactory data (Section 3) weights were

assigned according to the measurement errors alone, but
our use of the reduced weighted RMS in assessing the
uncertainty absorbed any unaccounted-for scatter. An
alternative approach is to add an intrinsic dispersion in
quadrature with the measurement uncertainties. This
preserves the relative order of weighting of SNe Ia but
decreases the di↵erence in weights between SNe Ia with
high and low measurement error. We have confirmed
that adding an intrinsic dispersion term of 0.10 mag to
the measurement uncertainties for all SNe Ia results in
negligible (. 0.5�) change to the weighted mean and
RMS values reported here.

5. POSSIBLE ORIGINS OF SN Ia HUBBLE
RESIDUAL HOST BIAS
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✦Ongoing analyses:
✦ Standardisation, 

✦ Sub-classification, 

✦ Reddening / color analyses, 

✦ Host galaxies: local/global comparison 

✦ NaID absorption line,  

✦ Twin supernovae, 

✦ Spectral data / Explosion model comparison,

✦ K-corrections

✦ ... 
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Summary
 Context   SNfactory   Results   Summary   

29/05/2013

✦SNfactory Data Sample
✦ ~280 SNe Ia spectrophotometric time series so far,
✦ Best and larger sample of his kind
✦ SNe Ia spectral observations continue every few days

✦SNfactory Analyses
✦ Work is going on on a lot of different aspects using the SNIFS data:

✦ Standardisation: improvement has already been achieve

✦ Environemental effects: host global vs local properties
✦ SNe Ia understanting: Spectral analyses, modeling, case studies, twins

✦ Several publications recently submited or ready for submission
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SN2011fe

on the web

https://snf-doc.lbl.gov/snf/data/SN2011fe_video/SN2011fe_medium.webm
https://snf-doc.lbl.gov/snf/data/SN2011fe_video/SN2011fe_medium.webm
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SNe Ia: Standardisable candles

SALT2, SNooPy, SiFTO, (MLCS2k2) etc.

Light curve fitters: usually used to 
estimate SNe «basic» parameters:

✦ time at maximum light - phase
✦ color / absorption (Av)
✦ light curve widths parameter
✦ normalization parameter / absolute mag

distance estimator

Rest-frame phase

Stretch

Empirical corrections to reduce 
the dispersion at maximum light: 

✦ Light curve width: Δm15, stretch, x1, etc.  
    brigther - slower (intrinsic)

✴ progenitor composition (metallicity)
✴ progenitor explosion (56Ni mass) 

✦ Color: B-V, SALT2 c, CMAGIC, ΔC12 etc.              
brighter - bluer (extrinsic)
✴ host interstellar medium extinction 

http://adsabs.harvard.edu/abs/2007A%2526A...466...11G
http://adsabs.harvard.edu/abs/2007A%2526A...466...11G
http://adsabs.harvard.edu/abs/2010arXiv1010.4040B
http://adsabs.harvard.edu/abs/2010arXiv1010.4040B
http://adsabs.harvard.edu/abs/2008ApJ...681..482C
http://adsabs.harvard.edu/abs/2008ApJ...681..482C
http://adsabs.harvard.edu/abs/2007ApJ...659..122J
http://adsabs.harvard.edu/abs/2007ApJ...659..122J
http://adsabs.harvard.edu/abs/2003ApJ...590..944W
http://adsabs.harvard.edu/abs/2003ApJ...590..944W
http://adsabs.harvard.edu/abs/2005ApJ...620L..87W
http://adsabs.harvard.edu/abs/2005ApJ...620L..87W
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Hubble diagram

✦ Above : «sub-luminous»
✦ Below : «over-luminous»

Empirically corrected Hubble diagram
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CHAPITRE 2. SUPERNOVÆ DE TYPE IA : VARIABILITÉS ET
STANDARDISATIONS

fonction du décalage vers le rouge, et est représenté sous la forme moderne du diagramme
de Hubble (l’originel étant présenté en figure 1.2). Cet ajustement peut être réalisé avec
les paramètres ajustés par le modèle SALT2 pour chaque SN Ia, m⇤

B

, x1 et c, avec un
estimateur de la forme :

µ
B

= m⇤
B

�M + ↵⇥ x1 � � ⇥ c, (2.2)

où les deux derniers termes sont les facteurs de corrections empiriques. ↵, � et M sont
ajustés lors de la minimisation des résidus au diagramme de Hubble par une fonction du
type :

�2 =
NX

i=1

[µ
B,i

(↵,�,M)� µ(z
i

;⌦
M

,⌦⇤,!)]
2

�2
µB,i

+ �2
int

, (2.3)

où N est le nombre de supernovæ entrée dans l’ajustement, µ est le module de distance
dépendant du décalage vers le rouge et des paramètres cosmologiques, �

µ

est l’incertitude
propagée de la matrice de covariance des paramètres de l’ajustement des courbes de
lumière (m⇤

B

, x1 et c) et �
int

est un terme empirique contenant les sources d’incertitudes
systématiques et la dispersion intrinsèque observée des SNe Ia, généralement choisi pour
obtenir un �2 réduit de 1. Notons que le traitement des incertitudes peut varier d’une
analyse cosmologique à une autre, en particulier en ce qui concerne les sources systématiques
d’incertitude et la prise en compte de la dispersion intrinsèque ajoutée.

Le diagramme de Hubble obtenu à l’issue d’une analyse cosmologique compilant les
observations de 557 SNe Ia proches et lointaines provenant de divers projets (Amanullah
et al., 2010) est montré sur la figure 2.7. Les dispersions moyennes des résidus qu’ils
obtiennent (voir leur table 7) sont du même ordre de grandeur que celui des autres
analyses cosmologiques utilisant les paramètres x1 et c pour les corrections empiriques des
variabilités.

Un des nombreux points régulièrement discutés à l’issue des analyses cosmologiques
est la valeur du paramètre �, correspondant de manière indirecte au paramètre R

V

de
la loi d’extinction (voir chapitres 4 et 7). En e↵et, si le paramètre de couleur du modèle
SALT2 ne mesurait que la variabilité extrinsèque des SNe Ia, et si la poussière de leurs
galaxies hôtes était en moyenne la même que celle de notre galaxie la Voie lactée, la valeur
du paramètre � devrait être proche de 4,1 et non pas de 2,5 comme c’est généralement le
cas. Cela sera discuté plus en détail dans le chapitre 4 et la partie IV.

Comme nous l’avons vu dans le chapitre 1, la combinaison des SNe Ia avec d’autres
sondes de l’énergie noire améliore de façon notable la précision des mesures des paramètres
cosmologiques, en brisant les dégénérescences entre ! et ⌦

m

(figure 1.4). Néanmoins, les
sources d’incertitudes systématiques sur les mesures des distances par la méthode des
SNe Ia restent dominantes dans le budget d’erreur. L’observation d’un grand échantillon
de SNe Ia proches de qualité spectrophotométrique s’avèrera utile dans la diminution de
ces incertitudes.
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• One spectrum / point / night

• For any filter

• + spectral features
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