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Outline
• Introductory Background and Scientific Motivation:  

Type Ia Supernova (SN Ia) Cosmology	

• Simple-BayeSN: a new hierarchical Bayesian statistical model 
for SN Ia data to incorporate multiple random effects 
(intrinsic and dust), individuals & populations, distances & 
cosmology	

• K. Mandel, D. Scolnic, H. Shariff, R. Foley & R.P. Kirshner 
(2016, submitted to ApJ, arXiv:1609.04470)	

• Application to SN Ia cosmology data	

• Future Developments



The History of Cosmic Expansion
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Expansion History (and Future) of the Universe:  
Determined by its Physical Energy Content
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ΩM = Matter Density; ΩΛ = Dark Energy Density



Supernovae Trace the History of Cosmic Expansion
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Cosmological Energy Content

What is Dark Energy?	
Dark Energy Equation of state P = wρ

Is w + 1 = 0?  (Cosmological Constant: w = -1)



Supernovae Trace the History of Cosmic Expansion
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But we don’t actually measure these things!#
Time → Distance (μ)#

Relative Size of Universe → Redshift (z)



Expansion of the Universe: Redshifts (z)

SN Rest-frame wavelength λ (microns)
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SN Ia Spectrum (z = 0)

Observed wavelength λ (microns)
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Redshifting
a SN Ia Spectrum

z = 0
z = 0.50
z = 0.75

Expansion of Universe over time #
“stretches” out wavelengths of light

Spectral Lines are observed at 
longer wavelengths than originally 

emitted by the supernova: #
redshift (z)

Measure of speed of expansion #
between observer and SN event



Determining Astronomical Distances  
using Standard Candles

1. Estimate or model Luminosity L of a Class 
of Astronomical Objects	

2. Measure the apparent brightness or flux F	

3. Derive the distance D to Object using 
Inverse Square Law:  F = L / (4π D2)	

4. Optical Astronomer’s units: μ = m - M 	

(m = apparent magnitude, M = absolute magnitude, 	

μ = distance modulus [log distance] )	



The Expanding Universe:  
Galaxies are moving apart! Hubble’s Law (1929)

Distance ∝ Velocity (Redshift) 
But what is the rate of change of the expansion?	

(the deceleration parameter) Need better distances!

Einstein & Hubble



Type Ia Supernovae (SN Ia) 	
are Almost Standard Candles

• Progenitor:  C/O White Dwarf Star 
accreting mass leads to instability	

• Thermonuclear Explosion: 
Deflagration/Detonation	

• Nickel to Cobalt to Iron Decay + 
radiative transfer powers the light 
curve	

• General Idea, but Theoretical 
Astrophysics simulations cannot 
quantitatively reproduce realistic 
observations (use empirical models) Credit: FLASH Center
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SN Ia Hubble Diagram  
(Distance Moduli vs. z):	

#

The Universe is 
accelerating 	
(ΩΛ > 0)!



The Accelerating Universe 
2011 Nobel Prize in Physics



18 Years Later…

Joint Lightcurve Analysis#
(JLA, Betoule et al. 2014)

Hubble Diagram #
Modern SN Ia Surveys Cosmological Constraints



MediumIDeep(Fields(
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Good(light(curves(at(z~0.4(
Every(4(days(griz(
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PanSTARRS:((A(Supernova(Discovery(Machine(
Example of SN Ia cosmology in practice



Find(SN(Ia(with(PanISTARRS:(
difference(imaging(with(Harvard’s(Odyssey(
Cluster(

Discovering Supernovae with Pan-STARRS and Difference Imaging
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First Pan-STARRS 
PS1 results #

#

(Rest et al., 2014,#
Scolnic et al., 2014)

Cosmology with PS1 SN Ia 17
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Figure 14. Hubble diagram for the combined PS1 and low-redshift sample. The bottom panel shows the di↵erence modulus residuals
versus the logarithmic redshift in order to visualize the the low-z SN Ia residuals.

20 Rest, Scolnic et al.
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Figure 16. The 68% and 95% cosmological constraints using PS1-lz, Planck, BAO and H

0

measurements. Here the statistical and
systematic uncertainties are propagated. Left: Constraints on ⌦

M

and ⌦
⇤

assuming a cosmological constant (w = �1). Right: Constraints
on ⌦

M

and w assuming a constant dark energy equation of state and flatness.

Planck, and finds the tension to be smaller.

Table 9
Cosmological Parameter Constraints Using di↵erent Cosmological Probe

Combinations

Without PS1-lz With PS1-lz (Stat. only) With PS1-lz (Sys. & Stat.)
Sample ⌦

M

w ⌦
M

w ⌦
M

w

PL 0.218+0.023

�0.079

�1.485+0.253

�0.426

0.289+0.015

�0.019

�1.102+0.058

�0.061

0.281+0.018

�0.022

�1.136+0.077

�0.079

PL+BAO 0.287+0.021

�0.020

�1.133+0.138

�0.104

0.291+0.010

�0.012

�1.102+0.055

�0.058

0.288+0.014

�0.014

�1.124+0.077

�0.066

PL+H
0

0.258+0.016

�0.021

�1.240+0.095

�0.093

0.277+0.011

�0.015

�1.131+0.044

�0.052

0.269+0.016

�0.015

�1.174+0.064

�0.059

PL+BAO+H
0

0.275+0.014

�0.014

�1.205+0.102

�0.087

0.284+0.010

�0.010

�1.131+0.049

�0.049

0.280+0.013

�0.012

�1.166+0.072

�0.069

Note. — Comparison of the ⌦M and w constraints using di↵erent
variations of external constraints Planck (Planck Collaboration et al.
2013), BAO, and H0 (Riess et al. 2011).

9. DISCUSSION

Using the first 1.5 years of the Pan-STARRS1 MDF
survey, we have discovered thousands of transients, 146 of
which we have spectroscopically confirmed to be SNe Ia.
Combining novel calibration techniques with a well-
tested photometric data reduction pipeline, we have ob-
tained precise photometry for these SNe. We estimate
that the photometric uncertainty is 1.2%, excluding the
uncertainty in the HST Calspec definition of the AB
system. Using the SALT2 light-curve fitter, we have
measured distances to a carefully selected sample of 113

SNe Ia. After correcting for biases related to detection
and spectroscopic follow-up e�ciency, we used these SNe
to constrain cosmological parameters.

9.1. Comparison to Previous Work

For our cosmological analysis, we used very recent con-
straints coming from BAO and CMB experiments. Pre-
vious SN analyses did not have access to those data, and
thus a direct comparison is more di�cult. Similarly, our
low-redshift sample is larger than previous compilations,
again, complicating any comparison. Nonetheless, we re-
port previous results in an attempt to place the current
Pan-STARRS1 analysis in context.
The ESSENCE survey, using 60 high-redshift SNe Ia,

45 low-redshift SNe Ia, and the initial SDSS BAO re-

Combined PS1+Low-z + 
Planck+BAO+Ho :	

#
ΩM = 0.280 (0.013)	
w = −1.166 (0.07)	

Real or  
Systematic Error?



Current State of Play

• Current optical surveys are now limited by “systematic” 
uncertainties, e.g. photometric calibration error and modeling 
error, rather than “statistical” (number of supernovae).	

• Conventional analysis method does not distinguish between 
intrinsic SN variations and extrinsic effects of host galaxy dust 
extinction and reddening	

• Incorrect color modeling interpretation of the Hubble Diagram 
scatter can result in bias in cosmological parameter inferences 
(Scolnic et al. 2014)	

• Confounding of host galaxy dust extinction/reddening with 
intrinsic SN Ia optical color variations systematically limits the 
accuracy and precision of SN Ia distances & cosmological 
constraints



• Width-Luminosity Relation: 
an observed correlation 
(Broader-Brighter,  
Mark Phillips)	

• Observe optical SN Ia Light 
Curve Shape to estimate the 
peak luminosity of SN Ia:  
~0.15 mag (8% in distance)	

• Color-Luminosity Relation 
(Redder-Dimmer)

Conventional Approach: 	
Reading the Wattage of a SN Ia: 

Empirical Correlations “Standardize” 
the Candle (infer Luminosity)

Intrinsically Brighter SN Ia 
have broader light curves 

and are slow decliners
20



Conventional Approach

• SALT2 continuous light curve model fit to irregularly 
samples, noisy optical data (SN2007le, BVR, CfA4)	

• Estimates peak apparent magnitude mB, peak apparent 
color c = (B-V), and light curve shape x

    TYPE =   1     z = 0.007 +- 0.001                                               c =  0.253 +- 0.026     x1 =  0.308 +- 0.048 x0 = ( 6.604 +- 0.221)xE-2      chi2/dof =  54.5 /   52 
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Conventional Tripp Formula

• A Simplistic Linear Model for Absolute Magnitude with 
width-luminosity (α) and color-luminosity trends (β)	

• Typically find β ≈ [∆Mag in B / ∆Color B-V] ≈ 3 
Unusually low β compared to normal MW interstellar 
dust c.f. RB ≈ 4.1 (RV = RB -1≈ 3.1).	

• Problem: Regresses dust-extinguished magnitude            
vs dust-reddened apparent color 

• Does not distinguish between intrinsic SN Ia variations 
and host galaxy dust (only one β for all color-mag effects)	

• More realistically, magnitudes and colors are composed 
simultaneously of both intrinsic SN Ia variations and host 
galaxy dust reddening/extinction

m

s
B � µs = M

ext

B,s = M

ext

0

+ ↵ · xs + � · capps

M ext

B,s
capps

Abs Mag = mB � µ = M0 + ↵ · x+ � · c



“Dusty” :  Latent parameters of SN including effects of host galaxy dust	

• Extinguished Abs. Mag	

• Apparent Color

Words (and Notation) Matter!

“Intrinsic” :  Latent parameters of 
SN in absence of host galaxy dust	

• Intrinsic Abs. Mag:	

• Intrinsic Color:  

Effects of Host Galaxy Dust  
for each SN (only positive!)	

• Reddening 	

• Extinction (dimming)  

M int
s

cints

capps = cints + E(B � V )s

M int
s + As

BM ext

s =

Es ⌘ E(B � V )s

As
B = RB ⇥ E(B � V )s



Dust Absorption vs. 
Wavelength of Light

• Absorption of light (dimming) 
depends on λ, causing reddening	

• Interstellar lines of sight to SN in 
different galaxies can pass through 
different random amounts of dust	

• Key Parameters of Interstellar Dust 
(different for each SN)	

• AB ~ Amount of Dust Absorption 
(dimming)	

• RB = AB/E(B-V) ~ Wavelength 
Dependence of Dust Absorption	

• Don’t really know a priori which 
SN are unaffected by dust; must 
model probabilistically

What about the 
host galaxy dust?



My Approach (Mandel+09,11,14,16): 	
Hierarchical Bayesian / Probabilistic Generative Model

Observed SN Ia Data = Sum of latent random effects:  
intrinsic variation, dust, measurement error	

(Simple-BayeSN)

zsµs

s = 1, . . . , NSN

Dust
Pop

ds

ΩM ,ΩΛ, w,Ho

RB , τ

ΘSN

Intrinsic ψ̃s =
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Intrinsic B-V Color cint
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Effective “Dusty” Color-Magnitude Distribution  
 is a Convolution of the Intrinsic & Dust Distributions: 	

Effective Color-Mag Trend is a Curve!

Apparent Color capp (mag)

-0.2 0 0.2

E
xt

in
g
u
is

h
e
d
 A

b
so

lu
te

 M
a
g
n
itu

d
e

-20

-19.5

-19

-18.5

-18

SBayeSN
Linear Tripp

Apparent Color capp (mag)

-0.2 0 0.2

D
iff

e
re

n
ce

 [
S

B
a
ye

S
N

 -
 T

ri
p
p
] 
(m

a
g
)

-0.1

-0.05

0

0.05

0.1

0.15

0.2

0.25

A
p
p
a
re

n
t 
C

o
lo

r 
P

ro
b
a
b
ili

ty
 D

e
n
si

ty

(S
im

ul
at

io
n)

Tripp Fit is a linear approx. to curve near mean apparent color

Model Predicts	
Positive Distance 
Bias for Linear 

Tripp Fit 	
in the tails of 

apparent color 
distribution



Inverse Problem: Statistical inference with SN Ia

• SN Ia cosmology inference based on empirical relations	

• Statistical models for SN Ia are learned from the data	

• Several Sources of Randomness & Uncertainty	

1. Photometric (Measurement) & LC Fitting errors	

2. “Intrinsic Variation” = Population Distribution of SN Ia	

3. Random Peculiar Velocities in Hubble Flow	

4. Host Galaxy Dust:  extinction and reddening.	

• Observed Distributions are convolutions of these effects	

• How to incorporate this all into a coherent statistical 
model? (How to “de-convolve”?) - Hierarchical Bayes!



Advantages of Hierarchical Models
• Incorporate multiple sources of randomness & uncertainty 

underlying the observed data 	

• Express structured probability models adapted to 
conceptual / physical data-generating forward process	

• Hierarchically Model (Physical) Populations and Individuals 
simultaneously: e.g. intrinsic SN Ia properties and Dust 
Reddening/Absorption	

• Inference = probabilistically de-convolves multiple latent 
effects underlying data	

• Full Posterior probability distribution = Global, coherent 
quantification of uncertainties at individual and population 
levels

31
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Some Math:  
Intrinsic SN Ia Population Distribution Model

Hierarchical Bayesian SN Ia 11

For the analysis in this paper, we use SN Ia light curve parameter estimates and error covariance matrices obtained
from the SALT2 (Guy et al. 2010) light curve fitter. However, our hierarchical Bayesian statistical model can be used
with parameter outputs from any suitable light curve fitter with the above characteristics.

3.2. Redshift-Distance Likelihood

The expected theoretical distance modulus at redshift z in a smooth cosmology with parameters ⌦ = (h,⌦M ,⌦⇤, w)
is µ⇤CDM (z;⌦) = 25 + 5 log10[dL(z;⌦) Mpc�1], where dL(z;⌦) is the theoretical luminosity distance. The Hubble
Constant is H0 = 100h km s�1 Mpc �1. If zs is the measured redshift of the SN host galaxy, the redshift-distance
likelihood function is

P (zs|µs,⌦) = N [zs|µ
�1
⇤CDM (µs;⌦),�2

pec/c
2 + �2

z ]

⇡ N [µ⇤CDM (zs;⌦)|µs,�
2
µ|z,s].

(10)

The approximation was made in linearizing the distance modulus at the cosmological redshift f(zcs;⌦) about the
observed redshift zs. The uncertainty in µ given the redshift is significant for low-z objects, for which

�2
µ|z,s ⇡ [5/(zs ln 10)]

2[�2
z + �2

pec/c
2] (11)

where �z is the redshift measurement error and �pec = 200 km s�1 is the peculiar velocity dispersion. With P (µ) / 1,
this leads to

P (µs|zs,⌦) = N [µs|µ⇤CDM (zs;⌦),�2
µ|z,s]. (12)

For the analysis of nearby SN Ia in this study, we fixed ⌦ = ⌦̂ = (0.72, 0.27, 0.73,�1) to its concordance values. It is
important to remember that, because SN Ia by themselves are only relative distance indicators, absolute magnitudes
and distance moduli are only determined up to an overall additive constant. Thus, a change in h will trivially shift all
the absolute magnitudes and distances accordingly. However, a correct marginalization (either numerical or analytical)
over the absolute magnitude constant M0 (or the quantity M0 = M0 � 5 log10 h) removes the dependence on h from
all other inferences from the SN Ia data.

3.3. Latent Variable Equations

Define an intrinsic parameters vector  s = (M int
s , cints , xs)T , consisting of the intrinsic absolute magnitude, intrinsic

color and light curve shape parameter. These are related to the observable parameters through the e↵ects of distance
and host galaxy dust: ms = M ext

s + µs = M int
s + RBEs + µs and capps = cints + Es. These can be written as a vector

equation: 0

BB@

ms

capps

xs

1

CCA =

0

BB@

M int
s

cints

xs

1

CCA+

0

BB@

1

0

0

1

CCAµs +

0

BB@

RB

1

0

1

CCAEs (13)

Defining the observable parameter vector as �s = (ms, c
app
s , xs)T , we can write this concisely as:

�s =  s + e1µs + eEEs (14)

where eE ⌘ e2 +RBe1 and ei is a unit vector along the ith coordinate axis.
It is not exactly true that the e↵ect of applying a dust reddening law with a given extinction AV to SN Ia spectra

will have linear e↵ect on the magnitudes and colors measured through broadband filters. However, linearity is a good
approximation up to moderate extinction values (Jha, Riess, & Kirshner 2007).

3.4. Intrinsic SN Ia Population Distribution

We construct a simple model for the joint population distribution of the intrinsic supernova parameters, P ( s|⇥SN),
depending on some hyperparameters ⇥SN. It is convenient to express this joint distribution in terms of a product of
conditional probability densities, each of which we model separately.

P ( s|⇥SN) = P (M int
s , cints , xs|⇥SN)

= P (M int
s | cints , xs;⇥SN)

⇥ P (cints |xs;⇥SN)

⇥ P (xs|⇥SN)

(15)

12

We can model each conditional factor with a mean relation and (Gaussian) scatter about the relation:

P (M int
s | cints , xs;⇥SN) = N [M int

s | fM (cints , xs;⇥SN),�
2
int] (16)

P (cints |xs;⇥SN) = N [cints | fc(xs;⇥SN),�
2
c,int] (17)

P (xs|⇥SN) = N(xs|x0,�
2
x). (18)

and the marginal population distribution of the light curve shapes x as a Gaussian with mean x0 and variance �2
x. We

adopt the most general linear model for the mean intrinsic absolute magnitude trend fM (cints , xs;⇥SN), and the mean
intrinsic color trend fc(xs;⇥SN). Hence, the model for the intrinsic SN Ia parameters can be written as a hierarchy of
linear equations.

M int
s = M int

0 + ↵xs + �intc
int
s + ✏ints (19)

cints = cint0 + ↵cxs + ✏c,ints (20)

xs = x0 + ✏xs (21)

where the intrinsic scatter terms are ✏xs ⇠ N(0,�2
x), ✏

c,int
s ⇠ N(0,�2

c,int), ✏
int
s ⇠ N(0,�2

int). Equation 19 is similar to
the linear Tripp formula but relates the intrinsic absolute magnitude to the light curve shape and intrinsic color.
To summarize, the nine hyperparameters governing the structure of the population distribution for the intrinsic SN

Ia parameters are
⇥SN = (M int

0 ,↵,�int,�
2
int, c

int
0 ,↵int

c ,�2
c,int, x0,�

2
x) (22)

• M int
0 : the intrinsic absolute magnitude constant is the expected intrinsic absolute magnitude for a SN with light

curve shape xs = 0 and intrinsic color cints = 0,

• ↵ : the slope of the trend of intrinsic absolute magnitude vs. light curve shape,

• �int : the slope of the trend of intrinsic absolute magnitude vs. intrinsic color,

• �2
int : the intrinsic variance around the mean trend of intrinsic absolute magnitude vs. light curve shape and

color,

• cint0 : the expected intrinsic color for a SN Ia with light curve shape x = 0. If ↵int
c = 0, then cint0 is the population

mean intrinsic color,

• ↵int
c : the slope of the trend of intrinsic color vs. light curve shape,

• �2
c,int : the intrinsic variance around the mean trend of intrinsic color vs. light curve shape,

• x0 : the mean of the x light curve shape population distribution,

• �2
x : the variance of the x light curve shape population distribution.

These model choices can be expanded upon by including additional variables such as spectroscopic indicators or
host galaxy properties, or non-linear trends in modeling the population distribution Eq. 15. For example, in §4.5, we
modify Eq. 19 so that the intrinsic absolute magnitude constant depends on host galaxy stellar mass.

3.5. Host Galaxy Dust Population Distribution

The host galaxy dust reddening Es ⌘ E(B�V ) is assumed to be drawn from an exponential population distribution
with average ⌧ : Es ⇠ Expon(⌧). This has a probability density only on positive redding Es > 0 because dust only
causes dimming and reddening:

P (Es|⌧) =

8
<

:
⌧�1 exp(Es/⌧), Es � 0

0, Es < 0
(23)
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will trivially shift all the absolute magnitudes and dis-
tances accordingly. However, a correct marginalization
(either numerical or analytical) over the absolute magni-
tude constant M0 (or the quantity M0 = M0�5 log10 h)
removes the dependence on h from all other inferences
from the SN Ia data.

3.3. Latent Variable Equations

Define an intrinsic parameters vector  s =
(M int

s , cints , xs)T , consisting of the intrinsic absolute mag-
nitude, intrinsic color and light curve shape parame-
ter. These are related to the observable parameters
through the e↵ects of distance and host galaxy dust:
ms = M ext

s +µs = M int
s +RBEs+µs and capps = cints +Es.

These can be written as a vector equation:
 

ms

capps
xs

!
=

0

@
M int

s

cints
xs

1

A+

 
1
0
0

!
µs +

 
RB

1
0

!
Es (13)

Defining the observable parameter vector as �s =
(ms, c

app
s , xs)T , we can write this concisely as:

�s =  s + e1µs + eEEs (14)

where eE ⌘ e2 +RBe1 and ei is a unit vector along the
ith coordinate axis.
It is not exactly true that the e↵ect of applying a dust

reddening law with a given extinction AV to SN Ia spec-
tra will have linear e↵ect on the magnitudes and colors
measured through broadband filters. However, linearity
is a good approximation up to moderate extinction val-
ues (Jha, Riess, & Kirshner 2007).

3.4. Intrinsic SN Ia Population Distribution

We construct a simple model for the joint popula-
tion distribution of the intrinsic supernova parameters,
P ( s|⇥SN), depending on some hyperparameters ⇥SN.
It is convenient to express this joint distribution in terms
of a product of conditional probability densities, each of
which we model separately.

P ( s|⇥SN) = P (M int
s , cints , xs|⇥SN)

= P (M int
s | cints , xs;⇥SN)

⇥ P (cints |xs;⇥SN)

⇥ P (xs|⇥SN)

(15)

We can model each conditional factor with a mean rela-
tion and (Gaussian) scatter about the relation:

P (M int
s | cints , xs;⇥SN) = N [M int

s | fM (cints , xs;⇥SN),�
2
int]
(16)

P (cints |xs;⇥SN) = N [cints | fc(xs;⇥SN),�
2
c,int] (17)

P (xs|⇥SN) = N(xs|x0,�
2
x). (18)

and the marginal population distribution of the light
curve shapes x as a Gaussian with mean x0 and variance
�2
x. We adopt the most general linear model for the mean

intrinsic absolute magnitude trend fM (cints , xs;⇥SN),
and the mean intrinsic color trend fc(xs;⇥SN). Hence,
the model for the intrinsic SN Ia parameters can be writ-
ten as a hierarchy of linear equations.

M int
s = M int

0 + ↵xs + �intc
int
s + ✏ints (19)

cints = cint0 + ↵cxs + ✏c,ints (20)

xs = x0 + ✏xs (21)

where the intrinsic scatter terms are ✏xs ⇠ N(0,�2
x),

✏c,ints ⇠ N(0,�2
c,int), ✏ints ⇠ N(0,�2

int). Equation 19 is
similar to the linear Tripp formula but relates the in-
trinsic absolute magnitude to the light curve shape and
intrinsic color.
To summarize, the nine hyperparameters governing the

structure of the population distribution for the intrinsic
SN Ia parameters are

⇥SN = (M int
0 ,↵,�int,�

2
int, c

int
0 ,↵int

c ,�2
c,int, x0,�

2
x) (22)

• M int
0 : the intrinsic absolute magnitude constant is

the expected intrinsic absolute magnitude for a SN
with light curve shape xs = 0 and intrinsic color
cints = 0,

• ↵ : the slope of the trend of intrinsic absolute mag-
nitude vs. light curve shape,

• �int : the slope of the trend of intrinsic absolute
magnitude vs. intrinsic color,

• �2
int : the intrinsic variance around the mean trend

of intrinsic absolute magnitude vs. light curve
shape and color,

• cint0 : the expected intrinsic color for a SN Ia with
light curve shape x = 0. If ↵int

c = 0, then cint0 is
the population mean intrinsic color,

• ↵int
c : the slope of the trend of intrinsic color vs.

light curve shape,

• �2
c,int : the intrinsic variance around the mean trend

of intrinsic color vs. light curve shape,

• x0 : the mean of the x light curve shape population
distribution,

• �2
x : the variance of the x light curve shape popu-

lation distribution.

These model choices can be expanded upon by includ-
ing additional variables such as spectroscopic indicators
or host galaxy properties, or non-linear trends in mod-
eling the population distribution Eq. 15. For example,
in §4.5, we modify Eq. 19 so that the intrinsic absolute
magnitude constant depends on host galaxy stellar mass.

3.5. Host Galaxy Dust Population Distribution

The host galaxy dust reddening Es ⌘ E(B � V ) is
assumed to be drawn from an exponential population
distribution with average ⌧ : Es ⇠ Expon(⌧). This has
a probability density only on positive redding Es > 0
because dust only causes dimming and reddening:

P (Es|⌧) =

⇢
⌧�1 exp(Es/⌧), Es � 0
0, Es < 0

(23)

Mandel et al. (2011) found that this model describes well
the distribution of peak apparent B�V colors of nearby
SN Ia up to AV < 1. Futhermore, we assume that the
properties of the dust in host galaxies are described by
the ratio of extinction to reddening RB = AB/E(B�V ).
The dust hyperparameters are ⇥dust = (⌧, RB):
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We can model each conditional factor with a mean relation and (Gaussian) scatter about the relation:

P (M int
s | cints , xs;⇥SN) = N [M int

s | fM (cints , xs;⇥SN),�
2
int] (16)

P (cints |xs;⇥SN) = N [cints | fc(xs;⇥SN),�
2
c,int] (17)

P (xs|⇥SN) = N(xs|x0,�
2
x). (18)

and the marginal population distribution of the light curve shapes x as a Gaussian with mean x0 and variance �2
x. We

adopt the most general linear model for the mean intrinsic absolute magnitude trend fM (cints , xs;⇥SN), and the mean
intrinsic color trend fc(xs;⇥SN). Hence, the model for the intrinsic SN Ia parameters can be written as a hierarchy of
linear equations.

M int
s = M int

0 + ↵xs + �intc
int
s + ✏ints (19)

cints = cint0 + ↵cxs + ✏c,ints (20)

xs = x0 + ✏xs (21)

where the intrinsic scatter terms are ✏xs ⇠ N(0,�2
x), ✏

c,int
s ⇠ N(0,�2

c,int), ✏
int
s ⇠ N(0,�2

int). Equation 19 is similar to
the linear Tripp formula but relates the intrinsic absolute magnitude to the light curve shape and intrinsic color.
To summarize, the nine hyperparameters governing the structure of the population distribution for the intrinsic SN

Ia parameters are
⇥SN = (M int

0 ,↵,�int,�
2
int, c

int
0 ,↵int

c ,�2
c,int, x0,�

2
x) (22)

• M int
0 : the intrinsic absolute magnitude constant is the expected intrinsic absolute magnitude for a SN with light

curve shape xs = 0 and intrinsic color cints = 0,

• ↵ : the slope of the trend of intrinsic absolute magnitude vs. light curve shape,

• �int : the slope of the trend of intrinsic absolute magnitude vs. intrinsic color,

• �2
int : the intrinsic variance around the mean trend of intrinsic absolute magnitude vs. light curve shape and

color,

• cint0 : the expected intrinsic color for a SN Ia with light curve shape x = 0. If ↵int
c = 0, then cint0 is the population

mean intrinsic color,

• ↵int
c : the slope of the trend of intrinsic color vs. light curve shape,

• �2
c,int : the intrinsic variance around the mean trend of intrinsic color vs. light curve shape,

• x0 : the mean of the x light curve shape population distribution,

• �2
x : the variance of the x light curve shape population distribution.

These model choices can be expanded upon by including additional variables such as spectroscopic indicators or
host galaxy properties, or non-linear trends in modeling the population distribution Eq. 15. For example, in §4.5, we
modify Eq. 19 so that the intrinsic absolute magnitude constant depends on host galaxy stellar mass.

3.5. Host Galaxy Dust Population Distribution

The host galaxy dust reddening Es ⌘ E(B�V ) is assumed to be drawn from an exponential population distribution
with average ⌧ : Es ⇠ Expon(⌧). This has a probability density only on positive redding Es > 0 because dust only
causes dimming and reddening:

P (Es|⌧) =

8
<

:
⌧�1 exp(Es/⌧), Es � 0

0, Es < 0
(23)

Simplest Linear Model:

Conditional Factorization

Gaussian scatter 



The Host Galaxy Dust  
Population Distribution Model
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will trivially shift all the absolute magnitudes and dis-
tances accordingly. However, a correct marginalization
(either numerical or analytical) over the absolute magni-
tude constant M0 (or the quantity M0 = M0�5 log10 h)
removes the dependence on h from all other inferences
from the SN Ia data.

3.3. Latent Variable Equations

Define an intrinsic parameters vector  s =
(M int

s , cints , xs)T , consisting of the intrinsic absolute mag-
nitude, intrinsic color and light curve shape parame-
ter. These are related to the observable parameters
through the e↵ects of distance and host galaxy dust:
ms = M ext

s +µs = M int
s +RBEs+µs and capps = cints +Es.

These can be written as a vector equation:
 

ms

capps
xs

!
=

0

@
M int

s

cints
xs

1

A+

 
1
0
0

!
µs +

 
RB

1
0

!
Es (13)

Defining the observable parameter vector as �s =
(ms, c

app
s , xs)T , we can write this concisely as:

�s =  s + e1µs + eEEs (14)

where eE ⌘ e2 +RBe1 and ei is a unit vector along the
ith coordinate axis.
It is not exactly true that the e↵ect of applying a dust

reddening law with a given extinction AV to SN Ia spec-
tra will have linear e↵ect on the magnitudes and colors
measured through broadband filters. However, linearity
is a good approximation up to moderate extinction val-
ues (Jha, Riess, & Kirshner 2007).

3.4. Intrinsic SN Ia Population Distribution

We construct a simple model for the joint popula-
tion distribution of the intrinsic supernova parameters,
P ( s|⇥SN), depending on some hyperparameters ⇥SN.
It is convenient to express this joint distribution in terms
of a product of conditional probability densities, each of
which we model separately.

P ( s|⇥SN) = P (M int
s , cints , xs|⇥SN)

= P (M int
s | cints , xs;⇥SN)

⇥ P (cints |xs;⇥SN)

⇥ P (xs|⇥SN)

(15)

We can model each conditional factor with a mean rela-
tion and (Gaussian) scatter about the relation:

P (M int
s | cints , xs;⇥SN) = N [M int

s | fM (cints , xs;⇥SN),�
2
int]
(16)

P (cints |xs;⇥SN) = N [cints | fc(xs;⇥SN),�
2
c,int] (17)

P (xs|⇥SN) = N(xs|x0,�
2
x). (18)

and the marginal population distribution of the light
curve shapes x as a Gaussian with mean x0 and variance
�2
x. We adopt the most general linear model for the mean

intrinsic absolute magnitude trend fM (cints , xs;⇥SN),
and the mean intrinsic color trend fc(xs;⇥SN). Hence,
the model for the intrinsic SN Ia parameters can be writ-
ten as a hierarchy of linear equations.

M int
s = M int

0 + ↵xs + �intc
int
s + ✏ints (19)

cints = cint0 + ↵cxs + ✏c,ints (20)

xs = x0 + ✏xs (21)

where the intrinsic scatter terms are ✏xs ⇠ N(0,�2
x),

✏c,ints ⇠ N(0,�2
c,int), ✏ints ⇠ N(0,�2

int). Equation 19 is
similar to the linear Tripp formula but relates the in-
trinsic absolute magnitude to the light curve shape and
intrinsic color.
To summarize, the nine hyperparameters governing the

structure of the population distribution for the intrinsic
SN Ia parameters are

⇥SN = (M int
0 ,↵,�int,�

2
int, c

int
0 ,↵int

c ,�2
c,int, x0,�

2
x) (22)

• M int
0 : the intrinsic absolute magnitude constant is

the expected intrinsic absolute magnitude for a SN
with light curve shape xs = 0 and intrinsic color
cints = 0,

• ↵ : the slope of the trend of intrinsic absolute mag-
nitude vs. light curve shape,

• �int : the slope of the trend of intrinsic absolute
magnitude vs. intrinsic color,

• �2
int : the intrinsic variance around the mean trend

of intrinsic absolute magnitude vs. light curve
shape and color,

• cint0 : the expected intrinsic color for a SN Ia with
light curve shape x = 0. If ↵int

c = 0, then cint0 is
the population mean intrinsic color,

• ↵int
c : the slope of the trend of intrinsic color vs.

light curve shape,

• �2
c,int : the intrinsic variance around the mean trend

of intrinsic color vs. light curve shape,

• x0 : the mean of the x light curve shape population
distribution,

• �2
x : the variance of the x light curve shape popu-

lation distribution.

These model choices can be expanded upon by includ-
ing additional variables such as spectroscopic indicators
or host galaxy properties, or non-linear trends in mod-
eling the population distribution Eq. 15. For example,
in §4.5, we modify Eq. 19 so that the intrinsic absolute
magnitude constant depends on host galaxy stellar mass.

3.5. Host Galaxy Dust Population Distribution

The host galaxy dust reddening Es ⌘ E(B � V ) is
assumed to be drawn from an exponential population
distribution with average ⌧ : Es ⇠ Expon(⌧). This has
a probability density only on positive redding Es > 0
because dust only causes dimming and reddening:

P (Es|⌧) =

⇢
⌧�1 exp(Es/⌧), Es � 0
0, Es < 0

(23)

Mandel et al. (2011) found that this model describes well
the distribution of peak apparent B�V colors of nearby
SN Ia up to AV < 1. Futhermore, we assume that the
properties of the dust in host galaxies are described by
the ratio of extinction to reddening RB = AB/E(B�V ).
The dust hyperparameters are ⇥dust = (⌧, RB):
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• ⌧ : The population average of the exponential dis-
tribution of dust reddening: ⌧ = hEsi.

• RB : The ratio of AB dust extinction to E(B � V )
reddening.

These simple choices can be expanded upon in the future
to allow for the dust distribution or RB to vary within
subpopulations. For example, in §4.5, we allow the aver-
age reddening ⌧ to depend on host galaxy stellar mass.

3.6. Hyperpriors

We need to specify the prior in the hyperparameters,
or hyperprior P (⇥). For ✓i = �2

int, �
2
c,int, �

2
x, or ⌧ , we use

flat priors on positive values only, ✓i ⇠ U(0,1). For all
other hyperparameters we use flat priors on positive and
negative values, ✓i ⇠ U(�1,1). In our application,
our posterior inferences are insensitive to using proper
uniform hyperpriors over a wide range.

3.7. Bayesian Inference and Parameter Estimation

In Appendix §B, we use the assumptions of the model
to derive the marginal likelihoods and posterior distribu-
tion of all the parameters and hyperparameters given the
light curve data and redshifts. The conceptual relation-
ships between the hyperparameters, latent parameters
and data are depicted as a probabilistic graphical model
in Fig. 16.
We use two methods to estimate the hyperparameters

(“train” the model) from the light curve data D = {ds}

and redshifts Z = {zs} for a fixed cosmological model
⌦ = ⌦̂. The first method finds the peak of the log
marginal likelihood P (ds| zs;⇥, ⌦̂) in the 11-dimensional
parameter space ⇥ given by Eq. B4 using a constrained
nonlinear optimization algorithm. The constraints are
that �x,�c,�int, ⌧ > 0. The uncertainties in the maxi-
mum likelihood values ⇥MLE are estimated from the in-
verse Hessian of the negative log likelihood (the Fisher
information matrix), although these are only asymptoti-
cally lower bounds on the parameter uncertainties.
To explore the parameter space and obtain a more

complete measure of the joint parameter uncertainty, we
run a Gibbs sampler to generate a Markov chain that
converges to the global posterior probability Eq. B2.
This generates an MCMC in the 5NSN + 11 dimensional
parameter space of {�s, Es, µs} and ⇥. We have con-
structed a Gibbs sampling algorithm that exploits the
conditional independence properties of the probabilis-
tic graphical model to generate random moves that ef-
ficiently explore the parameter space. It is similar to
the BayeSN algorithm of Mandel et al. (2009, 2011),
except here the “data” are the 3 light curve parameter
estimates rather than the full multi-wavelength time se-
ries data. The Gibbs sampler draws from the full set of
conditional posterior densities, and does not require tun-
ing of step sizes (which would be required for Metropolis
algorithms). The resulting chains are used to compute
numerical summaries of the posterior density. See Ap-
pendix §B and Appendix §C for more details.
In addition to using two separate methods for param-

eter estimation, maximum likelihood and MCMC sam-
pling, we also implemented these algorithms in indepen-
dent MatLab and Python codes. We tested the internal
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Figure 5. The Data: SALT-II light curve fit parameters and
redshifts for 277 SN Ia in the range 0.01 < z < 0.10. In the
top two panels, we have subtracted the distance modulus expected
from the redshift in the fiducial ⇤CDM cosmology.

consistency of these codes by simulating data from the
model under reasonable hyperparameter values, and then
fitting the mock data with each code to verify that the
truth was recovered.

4. APPLICATION OF SIMPLE-BAYESN TO DATA

4.1. The Data Set

Scolnic et al. (2015) cross-calibrated the photometric
systems of past SN surveys with the Pan-STARRs sys-
tem to find one joint solution. The surveys included are:
Pan-STARRS (Rest et al. 2014), SNLS (Betoule et al.
2014), SDSS (Sako et al. 2014), CfA1 (Riess et al. 1999),
CfA2 (Jha et al. 2006), CfA3 (Hicken et al. 2009a), CfA4
(Hicken et al. 2012) and CSP (Contreras et al. 2010;
Stritzinger et al. 2011). The light curve cuts applied to
this sample are those used by Betoule et al. (2014). We
demonstrate the Simple-BayeSN model by analyzing
the nearby sample at low-z, where the distances µ(z) are
insensitive to cosmological parameters. We will present
an analysis of the full-z sample in a forthcoming paper.
In total, there are 277 SN Ia with 0.01 < z < 0.10 in

this sample, with high quality light curves mainly from
the CfA and CSP surveys. The SALT2 light curve model
was fit to the optical light curves. This light curve fitter
returns estimates of the optical peak magnitude10 m̂B ,
the peak optical color ĉ (corresponding to B � V color,
and x̂1 (“stretch”), a measure of the optical light curve
shape. We assign ds = (m̂B , ĉ, x̂1)T as our light curve
data. SALT2 also returns an error covariance matrix for
the light curve fit parameters, which we denote Ws.
The range of light curve shapes is �2.93 < x̂1 < 2.77

and the range of colors is �0.30 < ĉ < 0.30. The me-

10 Kessler et al. (2013) describe mB as “an e↵ective B-band
magnitude is defined to be mB = �2.5 log10(x0) + 10.635; this
is the observed magnitude through an idealized filter that corre-
sponds to the B-band in the rest frame of the SN.” The overall flux
amplitude of the SALT2 fit is x0. They also show with simulations
that the SALT2 c parameter approximates the peak B � V color
with scatter ⇡ 0.02 mag.

Effects of Host Galaxy Dust  
for each SN (only positive!)	

• Reddening 	

• Extinction (dimming)  

Es ⌘ E(B � V )s

As
B = RB ⇥ E(B � V )s

“Dusty” :  Latent parameters of 
SN including effects of host galaxy 
dust	

• Extinguished Abs. Mag	

#

• Apparent Color

M ext

s =M int
s + As

B

capps = cints + Es
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The Data: 	
Optical LC fits for 277 nearby (low-z < 0.1) SN Ia (CfA, CSP) 

cross-calibrated with Pan-STARRS [Scolnic+15]
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Results: Discerning Dust vs. Intrinsic Variations 
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Simple-BayeSN fit to 277 SN Ia, z=[0.01,0.10]

Fitted Intrinsic Color Relation β
int

 = 2.21 +/- 0.26

Fitted Dust Law R
B

 = 3.66 +/- 0.33

Fitted Linear β
Tripp

 = 2.96 +/- 0.11

Intrinsic Color-Magnitude Slope ≠ Dust Reddening Vector!	
(Color-Magnitude Effects NOT described by a single slope β!)
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Results: Inferring Dust Extinction/Reddening (RB)  
vs. Intrinsic Color-Luminosity Trend (βint)

Dust Reddening Vector consistent with Milky Way dust (RV = 3.1)!	
Intrinsic Color-Magnitude Slope ≠ Dust Reddening Vector!
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Summary
• Current Optical SN Ia Surveys systematically limited 

by confounding of host galaxy dust effects with 
intrinsic SN Ia variations	

• Conventional analysis (Tripp+SALT2) too simplistic:  
does not account for physically distinct intrinsic color-
magnitude variation vs. dust reddening-extinction	

• Simple-BayeSN: Hierarchical Bayesian / Probabilistic 
Generative Model for intrinsic variation & dust effects 
applied to current optical data 	

• Get a sensible dust law, RB = 3.7 ± 0.3 (RV = 2.7 ± 0.3) 
different from intrinsic slope βint = 2.2 ± 0.3!	

• Future: applications to high-z sample; extensions to 
rest-frame NIR (Mandel+09,11); spectroscopic 
indicators of luminosity & color (Mandel+14)


