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(Very) Brief Intro to Type Ia Supernova Cosmology
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In memoriam
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“Lucy-Richardson Deconvolution Algorithm” (1974)

Precision Cosmology

Cosmological constant density

Precision cosmology requires a combination of probes:
CMB + BAO (galaxy distribution) + SNIa (supernova) data:

Planck 2015 Results. XIII.
Cosmological Parameters, Ade
et al (2016).
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BAO

Combined

SNIa
CMB (T only)

Matter (baryons+dark) density

March, RT et al, MNRAS 418(4):2308-2329, (2011)

Dark Energy
Dark energy equation of state parameter:

p
w= 2
c ⇢

w(z) = w0 + z/(1+z) wa
(w0, wa) = (-1, 0) for cosmo constant

Bayesian model averaged
posterior (5 z-dependent models):

Left: Planck Collaboration 2015: Cosmological parameters, arXiv: 1502.01589.
Right: Hee et al, Mon.Not.Roy.Astron.Soc. 455 (2016) no.3, 2461-2473
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Type Ia Supernovae
“Type Ia”: No H in their spectrum, but SiII lines
Origin: Thermonuclear explosion of CO white dwarf. Two possible channels:

Single
Degenerate

✓Explains similarities
✘ Too low birthrates
✘ No survivors seen
✘ No eﬀects of circumstellar
medium seen

Double Degenerate

✓No survivors seen
✘ Diﬃcult to make explode
✘ Variability of mass
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Fig. 7 Diﬀerence between observed peak magnitude in each band
of each SN from table 2 and the model prediction as a function
of the rest-frame eﬀective wavelength of the filter used (gray triangles : SNLS SNe, gray squares : nearby SNe). The large black
symbols represent the estimated dispersion in each wavelength
bin (triangles for SNLS, and squares for nearby SNe). The large
circles show the average diﬀerence in each wavelength bin for all
SNe and the solid curve is a polynomial fit to the dispersion used
as an estimate of the K-correction scatter. Since uncertainties on
B and V magnitudes at maximum enter in the normalization and
~ 15 days
~ K-correction
20 days uncertainties are set
color evaluation
of the model,
to zero for B and V− band wavelengths.

Type Ia supernovae: Observations
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Fig. 6 Estimated standard deviation of model photometric errors
as a function of phase, for several rest-frame wavelength ranges
roughly corresponding from top to bottom to U, B, V, R and
I−bands. Those model errors were evaluated from the scatter of
residuals to the single light-curve fit.
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Fig. 8 Observed light-curves points of the SN Ia SNLS-04D3gx
at z=0.91 along with the light-curves derived from the model
(solid line, trained without this SN). The dashed lines represent
the 1 σ uncertainties of the model (both uncorrelated and Kcorrection errors).

Energy output ~ 1010 larger than Solar output over a year!
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Are SNIa Standard Candles?

SNIa absolute magnitude

No!
… but they can
be standardised
(to a point)

residual scatter
~ 0.2 mag

BRIGHTER
~ factor of 3

FAINTER
Luminosity drop 15 days after peak

SLOWER
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FASTER

The Stretch Correction
"Brighter SNIa are slow decliners"
BRIGHTER

BRIGHTER
B band

FAINTER

FAINTER
Drop from peak after 15 days
FASTER

SLOWER

Phillips, ApJ 413 (1993) L105-L108

Lightcurve powered by:

56

6d 56

Ni !
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The Colour Correction
"Brighter SNIa are bluer in colour"
BRIGHTER

Higher host galaxy dust content
→ larger extinction (dimmer)
→ larger transfer to longer
wavelength
→ redder

FAINTER

REDDER

BLUER
0

Riess+1996
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The Phillips Corrections
Taken together, colour (c) and stretch (x1) corrections give for SNIa i:

physical M

“observed” m

corrected M

Nuisance parameters
Distance
modulus
from theory

Parameters of interest
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Observational Status
Betoule+ 2014: 740 spectroscopically
confirmed SNIa, out to z ~ 1.4, with joint
re-analysis of LC fits
Joint Light-Curve Analysis (JLA)
sample

Scolnic+ 2018: 1048 spectroscopically
confirmed SNIa, out to z ~ 2.3
(PS1+SDSS+SNLS+low-z+HST)
Pantheon sample
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Fig. 7 Diﬀerence between observed peak magnitude in each band
of each SN from table 2 and the model prediction as a function
of the rest-frame eﬀective wavelength of the filter used (gray triangles : SNLS SNe, gray squares : nearby SNe). The large black
symbols represent the estimated dispersion in each wavelength
bin (triangles for SNLS, and squares for nearby SNe). The large
circles show the average diﬀerence in each wavelength bin for all
SNe and the solid curve is a polynomial fit to the dispersion used
as an estimate of the K-correction scatter. Since uncertainties on
B and V magnitudes at maximum enter in the normalization and
color evaluation of the model, K-correction uncertainties are set
to zero for B and V− band wavelengths.

From Lightcurves to Cosmology
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Alternative: BAHAMAS

Fig. 8 Observed light-curves points of the SN Ia SNLS-04D3gx
at z=0.91 along with the light-curves derived from the model
(solid line, trained without this SN). The dashed lines represent
the 1 σ uncertainties of the model (both uncorrelated and Kcorrection errors).

Cosmological parameters

chi-squared fit
chi-squared
minimisation

Hubble diagram
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BAyesian HierArchical Modeling for the
Analysis of Supernova cosmology
ArXiv: 1510.05954

BAHAMAS

Cosmo/Standardization

POPULATION PARAMETERS

Intrinsic
variability

LATENT VARIABLES

Observational
noise

DATA
All variables are fit
simultaneously using
powerful Gibbs-type
samplers (~ 3000
dimensions)
March,RT+11; Jiao, RT,+15; Shariﬀ, RT+15
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Mathematical formulation
The posterior distribution can be expanded in the usual Bayesian way:
p(params | data)

p(data|params)

∝ p(data | params)p(params)

∝ ∫p(data, true, pop | params) dtrue dpop
= ∫p(data | true) p(true | pop) p(pop) dtrue drop
Measurement errors
Intrinsic variability
Population-level priors
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BAHAMAS: Improved Reconstruction
• Evaluate cosmological parameter reconstruction: coverage, bias, mean squared
error (MSE) from simulated data:

Red: Chi2

Blue: Bayesian

Results:

Coverage

Coverage: generally improved
(but still some undercoverage
observed)
Bias: reduced by a factor ~ 2-3
for most parameters
MSE: reduced by a factor 1.5-3.0
for all parameters

ISBA 2012 meeting, Kyoto
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Borrowing of Strength: SNIa
Likelihood
Posterior

Intrinsic Magnitude

x̂1i quartile:
1st

2nd

3rd

4th

Colour correction

The posterior estimates (red) exhibit smaller residual scatter when compared to the
likelihood (blue): "borrowing of strength" from the structure of the model.

Shariﬀ, RT+15, arxiv: 1510.05954
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Cosmological Parameters from JLA
w=

1

Bayesian analysis

2.8 σ difference

JLA only
JLA + Planck 2015

⌦m = 0.399 ± 0.027
⌦ =

0.024 ± 0.010

Shariﬀ, RT+15, arxiv: 1510.05954
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Cosmological Parameters from JLA
⌦ = 0

Bayesian analysis
JLA only
JLA + Planck 2015

⌦m = 0.343 ± 0.019
w=

0.90 ± 0.05

Shariﬀ, RT+15, arxiv: 1510.05954
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z-evolution of colour correction
Strong preference (~ 4-sigma) for a transition from β ∼ 3.1 to β ∼ 2 at z ∼ 0.7.
This however does not change cosmological inferences.

zt

Cosmology conclusions:
When analysed in a Bayesian
framework, SNIa data lead to
discrepant parameter inferences.
BAHAMAS demonstrably superior
on simulations (where truth is
known, and data come from the
model).
Hence, real SNIa data suﬀer from
un-modelled eﬀects to which the
Bayesian approach is sensitive.
Likely culprit: selection eﬀects
Shariﬀ, RT+15, arxiv: 1510.05954
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Selection Effects
Slow declining and bluer SNIa (i.e., brighter) are observed more easily →
Malmquist (1925) bias (i.e., truncation).
Spectroscopic selection eﬀects in typing the SN
Current solution: simulate selection bias, then “correct back” the
observed magnitudes (but not colour) to compensate for it
(BBC method, Kessler & Scolnic ’16)
Shortcomings of current
solution:
Only valid for cosmological
parameters around which
simulations are made.
Cannot account for uncertainty in
selection function determination.
A Bayesian approach required for
a “forward propagation” solution.
Scolinc+18, arxiv: 1710.00845
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Bayesian Modelling of Selection Effects
Partition data y into “observed” and “missed”:

y = {yobs , ymis }

yobs = {yi |Ii = 1, i 2 [1, . . . , N ]}
ymis = {yi |Ii = 0, i 2 [1, . . . , N ]}

The observed data likelihood is obtained by integrating over the missed
observations in the complete data likelihood
Z
θ=parameters of interest
p(yobs , I|✓, ) = dymis p(y, I|✓, ) 𝜙=parameters of the data
collection procedure
Posterior conditional on the observed data:

p(✓|yobs , I) /
Roberto Trotta

Z

d p(✓, )

Z

dymis p(y|✓)p(I|y, )

Selection Function Exactly Known

True value

If we know the selection function, the Bayesian procedure of Rubin et al (2015)
leads to correct results (so does ours, of course):

SNIa Toy Sims

Chen, RT, van Dyk (in prep)
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Chen, RT et al (in prep)

Selection Function Needs Inferring

True value

An incorrect selection function
(assumed known) leads to systematic
bias in the cosmological parameters,
explaining the BAHAMAS discrepancy
(green):

Solution: Inferring the
selection function
simultaneously leads to
an unbiased result
(diﬀerently from
Rubin+15):

Take-home: a full
Bayesian treatment must
include selection eﬀects
modelling
Roberto Trotta

SNIa’s in the outskirts of galaxies are better
standard candles
Looking for SNIa in the outskirts (= less dusty/more homogeneous) regions
of galaxies (280 SDSS host galaxies fitted): measured the galactocentric SN
distance normalised to the host’s scale length, dr

Hill, RT+ (1612.04417), Galbany+12
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Segregation by distance to host centre
dr : Projected distance to the host centre in units of galaxy’s half-light radius
Result: SNIe in the outskirt are
bluer in colour.
Significant at 5% level even
after look-elsewhere eﬀect
corrections.
SNIe near
centre
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SNIe in
outskirts

Residual scatter in the highdistance sub-sample (right) is
reduced by ~30%

SNIe near
centre

SNIe in
outskirts
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The Future: Photometric SNIa Cosmology
• SNIa identification relies on observationally expensive spectroscopy
• In the future, we won’t have spectra for all SNIa candidates
(DES: ~3,000 SNIa over 5 yrs; LSST: >10,000 SNIa/yr)
SDSS-II SNIa sample
(~4% contamination)

Constraints from SDSS-II SNIa

Campbell et al, Astrophys.J. 763 (2013) 88
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Supernovae Discoveries Over Time

1990s: CCD cameras and
robotic methods

LSST

1996: Discovery of cosmic
acceleration
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BEAMS: No Need to Classify
• More stringent cuts eliminate bias (by removing non-Ia’s), but reduce sample size
drastically
• In a Bayesian approach, there is no need for a hard classification in Ia vs non-Ia.
• Probabilities based on photometry can be carried through to the final inference:

Hlozek et al, Astrophys.J. 752 (2012) 79
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Classification with Bias Training Set
• SNIa classification will be needed based on multi-band imaging alone -> “SN
Classification Challenge” (Kessler+10)
• Problem: Training set is biased. Especially at high z, more SNIa’s than in the
population, hence non representative
Random training data

Biased training data

Revsbech, RT & van Dyk, MNRAS in print,
e-print archive: 1706.03811
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STACCATO

Revsbech, RT & van Dyk, MNRAS, 473, 3,
3969-3986 (2018) archive: 1706.03811

• Our solution (Revsbech, RT, van Dyk, 2018): SynThetically Augmented Light Curve
ClassificATiOn proceeds as follows:
• Fit light curve with Gaussian Process (GP)
• Compute Diﬀusion Map (to quantify similarities between LCs), Richards+12
• Perform Random Forest Classification
• New: Group SNs according to Propensity Score (probability of belonging to the
training set) to reduce bias between training and test set
Test data partitioning

Training set partitioning

Roberto Trotta
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Augmenting LCs via GP Resampling
• The crucial step in STACCATO is to augment the training set by synthetically
sampling LC’s from the fitted GP according to the Propensity Scores.

• Evaluated using Area under the ROC Curve (AUC):
• ‘Gold Standard’ (unbiased training set) = 0.977 vs STACCATO = 0.961
• True positive rate for high-z SNIa improves 50x.
Gold Standard

STACCATO
dashed (solid) w/o (w) augmentation
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Conclusions - The Big Picture
Science

Methods

Dark Energy characterisation is the
new frontier for large scale surveys
(DES, LSST, Euclid).

Bayesian Hierarchical Models oﬀer
higher statistical precision (smaller
statistical errors) AND accuracy (less
biased)

Any evidence for w(z) ≠ -1 would
point to New Physics beyond Λ.
Achieving 1% accuracy in w will
require exquisite control of systematic
errors.
SNIa as cosmological probes demand
more sophisticated statistical analysis
for new, large (photometric) samples.

Capable of addressing non-Ia
contamination and subtle selection
eﬀects
Will be essential for cosmological
inferences with ~104 SNe

[Image: LSST field full science simulation; credit: LSST]
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