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Information-theoretical View of Bayesian Analysis
with SNIa in Cosmology and DDR Tests

MA Cong
(Purple Mountain Observatory, Chinese Academy of Sciences, Nanjing 210034)

In this dissertation, we set out to formalize a self-consistent method of testing cosmologi-
cal models and to obtain the parameter estimations with the luminosity distance and redshift
data from the Type Ia supernova (SNIa) standard candles. Using the Bayesian graphical
models and their correspondence with the causality, information-flow, and independence
properties among the random variables, we construct a method for properly utilizing the
parameter-dependent covariance matrix in cosmological model analyses and demonstrate its
application to the Joint Light-curve Analysis (JLA) SNIa distance data set. Our statistical
method differs, in both concept and effect, from those used in conventional analyses. It is
found that the conventional analysis in the form of y? minimization equivalently incurrs
an implicit distortion on the prior probability of SNIa standardization parameters. The
distortion, once revealed explicitly, cannot find convincing justification from statistical or
astrophysical considerations. In contrast, our Bayesian method explicitly incorporates prior
probabilities of all the model parameters. Our new analysis favors a lower amount of stretch-
and color-based corrections to the SNIa magnitude compared with previous studies, and we
report a reduced statistical significance of the step correction based on the host galaxy’s
stellar mass. For wCDM (cold dark matter) and ACDM cosmologies, we obtain the revised
posterior estimates, showing an increased favor for w > —1 and higher estimates of Qyy,
respectively.

The same statistical issue is revisited in the task of compressing the SNIa data set
and controlling the loss of cosmological information. To this end, we formalize the data
compression as a statistical inference problem, and achieve an efficient and accurate Gaussian
approximation to the optimal, maximal-entropy solution. Multiple tests based on statistical
and information theories are applied to our proposed solution, and they validate its accuracy
and robustness. Discrepancies from the JLA original compression exist in the distance
modulus estimates and in the structures of their covariance matrix. We use our compressed
data set to perform an internal cross-validation of the SNIa distance ladder, and find a
nominal color evolution trend that is different from previous results.
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Furthermore, we establish the strengths of compressed SNIa data in the distance-duality
relation (DDR) tests in the form of more representative data subsamples and more accurate
modelling of statistical uncertainties. In combination with auxiliary observational informa-
tion, the compressed SNIa luminosity distance moduli provide a subsample of measurements
matched to and comparable with the angular-diameter distance data from the baryon acous-
tic oscillation (BAO) surveys. We perform Monte Carlo analyses to evaluate the distribu-
tional properties of the DDR discriminant parameter 7. The results are consistent with the
DDR, and uncertainty bounds are estimated to be about 8% (standard deviation). Under
the additional hypothesis of a grey dust component that may systematically diminish SNIa
brightness and induce an apparent deviation from DDR, we improve the constraints by incor-
porating Planck cosmological posteriors, and obtain improved bounds on the intergalactic
extinction and optical-depth differential. The results are consistent with zero intergalactic
extinction with improved bounds. The statistical uncertainty of 1 based on future survey
specifications is estimated to be ~2%, highlighting the importance of systematics and the
role of consistent statistical methods in response to them.

In the light of our key discoveries, we advocate the methods of statistical analysis of
cosmological models based on the Bayesian formalisms, and call for the further study into
their efficacy in preserving the information content of more complex cosmological observa-
tional data sets expected in the future. Some research topics are tentatively proposed in
relation to the present study.
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