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SNIa Cosmology 



SNIa Background 

•  Supernovae are bright short lived 
explosions and can be observed to 
high redshifts  (z ≈ 1) 

•  Supernovae Type Ia (SNIa) are a 
subclass that do not have H-lines 
but do have Si lines 

•  SNIa are advantageous in 
cosmology as they are 
standardisable and can be used as 
standard candles 

•  SNIa sample used contains 740 
observations used by Betoule et al, 
2014 (JLA sample) 

•  Includes SNIa data as well as 
statistical and systematic matrices 



Standardisation Procedure 
•  First empirical correction 

was observed by Phillips 
(1993): Brighter SNIa last 
longer  

Kim et al, 1997 



Standardisation Procedure 
•  First empirical 

correction was 
observed by Phillips 
(1993): Brighter SNIa 
last longer  

•  Negative correlation 
between  MB and 
Δm15(B) Roberto Trotta ADA VII, May 2012
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Even SN with low extinction benefit from observations in
the H-band by reducing the uncertainty in the dust es-
timate. Table 4 lists summary statistics of the marginal
posterior distribution of each host galaxy dust parameter
for each SN, obtained from the MCMC samples.

5.2. Intrinsic Correlation Structure of SN Ia Light
curves in the Optical-NIR

We use the hierarchical model to infer the intrinsic
correlation structure of the absolute SN Ia light curves.
This correlation structure captures the statistical rela-
tionships between peak absolute magnitudes and decline
rates of light curves in multiple filters at different wave-
lengths and phases. We summarize inferences about light
curve shape and luminosity across the optical and near
infrared filters; a more detailed analysis of the intrin-
sic correlation structure of colors, luminosities and light
curve shapes will be presented elsewhere.

5.2.1. Intrinsic Scatter Plots

The hierarchical model fits the individual light curves
with the differential decline rates model and infers the
absolute magnitudes in multiple passbands, corrected for
host galaxy dust extinction. For each individual SN light
curve, we can use the inferred local decline rates dF to
compute the ∆m15(F ) of the light curve in each filter. In
the left panel of Figure 4, we plot the posterior estimate
of the peak absolute magnitude MB versus its canoni-
cal ∆m15(B) decline rate with black points. The error
bars reflect measurement errors and the marginal uncer-
tainties from the distance and inferred dust extinction.
This set of points describes the well-known intrinsic light
curve decline rate versus luminosity relationship (Phillips
1993). We also show the mean linear relation between
MB and ∆m15(B) found by Phillips et al. (1999), who
analyzed a smaller sample of SN Ia. The statistical trend
found by our model is consistent with that analysis. The
red points are simply the peak apparent magnitudes mi-
nus the distance moduli, B0 − µ, which are the extin-
guished peak absolute magnitudes MB + AB. Whereas
the range of extinguished magnitudes spans ∼ 3 magni-
tudes, the intrinsic absolute magnitudes lie along a nar-
row, roughly linear trend with ∆m15(B).
In the right panel, we plot the intrinsic and ex-

tinguished absolute magnitudes of SN Ia in the H-
band. In contrast to the left panel, the differences
between the intrinsic absolute magnitudes and the ex-
tinguished magnitudes are nearly negligible. Notably,
there is no correlation between the intrinsic MH in
the NIR and optical ∆m15(B). This was noted previ-
ously by Krisciunas et al. (2004a) and Wood-Vasey et al.
(2008). The standard deviation of absolute magnitudes
is much smaller in H than in B, demonstrating that
the NIR SN Ia light curves are good standard can-
dles (Krisciunas et al. 2004a,c; Wood-Vasey et al. 2008;
Mandel et al. 2009). Theoretical models of Kasen (2006)
indicate that NIR peak absolute magnitudes have rela-
tively weak sensitivity to the input progenitor 56Ni mass,
with a dispersion of ∼ 0.2 mag in J and K, and ∼ 0.1
mag in H over models ranging from 0.4 to 0.9 solar
masses of 56Ni. The physical explanation may be traced
to the ionization evolution of the iron group elements in
the SN atmosphere.
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Fig. 4.— (left) Post-maximum optical decline rate ∆m15(B) ver-
sus posterior estimates of the inferred optical absolute magnitudes
MB (black points) and the extinguished magnitudes B0 − µ (red
points). Each black point maps to a red point through optical
dust extinction in the host galaxy. The intrinsic light curve width-
luminosity Phillips relation is reflected in the trend of the black
points, indicating that SN brighter in B have slower decline rates.
The blue line is the linear trend of Phillips et al. (1999). (right)
Inferred absolute magnitudes and extinguished magnitudes in the
near infrared H-band. The extinction correction, depicted by the
difference between red and black points, is much smaller in H than
in B. The absolute magnitudes MH have no correlation with the
∆m15(B). The standard deviation of peak absolute magnitudes is
also much smaller for MH compared to MB .

These scatter plots convey some aspects of the popu-
lation correlation structure of optical and near infrared
light curves that is captured by the hierarchical model.
In the next section, we further discuss the multi-band
luminosity and light curve shape correlation structure in
terms of the estimated correlation matrices.
Figure 5 shows scatter plots of optical-near infrared

colors (B−H,V −H,R−H, J−H) versus absolute mag-
nitude (MB,MV ,MR,MH) at peak. The blue points are
the posterior estimates of the inferred peak intrinsic col-
ors and absolute magnitudes of the SN, along with their
marginal uncertainties. Red points are the peak apparent
colors and extinguished absolute magnitudes, including
host galaxy dust extinction and reddening. These plots
show correlations between the peak optical-near infrared
colors and peak optical luminosity, in the direction of in-
trinsically brighter SN having bluer peak colors. In con-
trast, the intrinsic J −H colors have a relatively narrow
distribution, and the near infrared absolute magnitude
MH is uncorrelated with intrinsic J −H color.

5.2.2. Intrinsic Correlation Matrices

Using the hierarchical model, we compute posterior in-
ferences of the population correlations between the dif-
ferent components of the absolute light curves of SN Ia.
This includes population correlations between peak ab-
solute magnitudes in different filters, ρ(MF ,MF ′), cor-
relations between the peak absolute magnitudes and
light curve shape parameters (differential decline rates)
in different filters, ρ(MF ,dF ′

), and the correlations be-
tween light curve shape parameters in different filters,
ρ(dF ,dF ′

). They also imply correlations between these
quantities and intrinsic colors. This information and its
uncertainty is captured in the posterior inference of the
population covariance matrix Σψ of the absolute light
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Phillip, 1993 



Standardisation Procedure 
•  First empirical 

correction was 
observed by Phillips 
(1993): Brighter SNIa 
last longer  

•  Negative correlation 
between  mB and Δm15 

•  Guy et al, 2007 
developed an algorithm 
that employs two 
corrections: x1 (stretch 
correction) and c (color 
correction) 

{mB,x1,c} 

SALT2 



Application to Cosmology 

µ(z,C) =mB −M0 +αx1 −βc

SALT2 output for each 
SNIa 



Application to Cosmology 

µ(z,C) =mB −M0 +αx1 −βc

Distance modulus: a function of luminosity 
distance. Which depends on redshift and 
cosmology  



Application to Cosmology 

µ(z,C) =mB −M0 +αx1 −βc

Global parameters. Fitted 
simultaneously as C. 
cf. Linear regression 



Application to Cosmology 

µ(z,C) =mB −M0 +αx1 −βc

(Empirically 
corrected) Absolute 
magnitude. Assumed 
to constant  



Classical Analysis and 
Related Issues 



Standard χ2 Procedure 

SALT2 Outputs for each SNIa Assuming a Gaussian likelihood  



Standard χ2 Procedure 

Global parameters: need to be 
fitted 
Done iteratively 



Standard χ2 Procedure 

Statistical and systematics 
errors. But depends on α and β 

Intrinsic scatter, since SNIa are not 
completely standardisable 
Determined by requiring χ2/dof ≈ 1 



Issues 
•  Even after empirical corrections, SNIa are not 

exactly standard candles 
•  Empirical corrections are not exact: model 

uncertainty needs to be incorporated into analysis 
•  Observed quantities are not the same as real 

quantities due measurement noise 
•  Standard analysis leads to biased results. March 

et al. (2011) showed that the bias is 2-3 larger 
(than a Bayesian analysis) 

•  The likelihood is not a principled approach; The 
treatment of σint and systematics is at best an 
approximation  



Bayesian Analysis 



Bayesian Hierarchical Analysis 

•  Based on Bayes’ Theorem 
•  For each observed variable, there is a 

latent (real but unobserved) variable – a 
hierarchy 

•  Originally developed by March et al., 2011; 
but extended in this latest analysis  



BAHAMAS 

Shariff et al, 2015 



Bayesian Hierarchical Analysis 

Data 

Prior 

Population hyper parameters 

Latent (real) variables 

Measurement 
Errors 

Intrinsic Variability 

Cosmological Parameters 

Prior 

Model Uncertainty 



Results 



ΛCDM Results 
SNIa alone 

SNIa + Planck 

Shariff et al, 2015 



ΛCDM Results 
SNIa alone 

SNIa + Planck 

Using SNIa and Planck: 
Ωm = 0.399 ± 0.027 
Ωκ = -0.024 ± 0.008 

Shariff et al, 2015 



Pinpointing the issue 

Shariff et al, 2015 

Statistical errors alone 
Statistical + Systematics errors  



Phenomenological Extensions 



I. Host Galaxy Mass  

•  Sullivan et al (2006) suggested using host 
galaxy mass as a predictor of underlying 
differences in the host environment (like 
metalicity) 

•  Then could use host galaxy mass as an 
additional empirical correction to SNIa 



I. Host Galaxy Mass 

Shariff et al, 2015 

log10(Mgal) 

M
i  



I. Host Galaxy Mass 
ΔM0 = - 0.055 ± 0.022 
 
2σ deviation from 0 
Similar to previous results (eg. 
Rigault et al, 2015) 
But cosmological posterior 
distributions remain the same 

Shariff et al, 2015 
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II. Redshift dependence on colour 

•  Assume β is dependent on redshift. 
Assume one colour correction for low 
redshift data and a second for high redshift 
data 

•  A simplified equation for this evolution 
would be a step function 

•  2 extra parameters: Δβ and zt 



II. Redshift dependence on colour 

Δβ  = -1.116± 0.240 
 
4σ drop in β(z) 
However, yet again, no change in 
cosmological parameters 
 

Shariff et al, 2015 



Conclusion 
•  Bayesian technique is a statistically principled 

approach to SNIa cosmology 
•  We can use this approach to find the latent 

distributions of the observed SNIa, for 
example absolute magnitude 

•  We find 2σ deviation with standard χ2 
analysis in cosmological parameters (Ωm, Ωκ 
and w) 

•  We find evidence for both host galaxy mass 
affecting the absolute magnitude (2σ) as well 
as a colour evolution with redshift (4σ) 



Questions 


