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Why do we want to do inference?

Because data itself is not intrinsically
Iinteresting.

What the data tells us is.

We want to confront observations with
models.

Theoretical, empirical or both.
Ideally also a continuum.
Simple —> complex models.

We want to do this in detail but also at
scale.
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Truntime s Tmodel X Tlikelihood stampler XD KL X nsamples

It does not matter if you ‘fit’ by eye, or fit with a
sampler. Your “runtime” is always expressed this way.

Empirical models are cheaper.

Simple data is easier to model.

Some ‘samplers’ are more efficient than others.
More informative data takes longer to ‘fit".

And the more ‘samples’ or ‘estimates’ you want,
the longer it takes.

Different tools try to change some parts of this

stion. Sarin+2024




Truntime s Tmodel X Tlikelihood stampler XD KL X nsamples

Less complex models —> T .. |

Human finding a fit manually —>fsamp1er o

Empirical model + One max-likelihood sample —> T, 4¢; | + foampier ¢ + Psamples |
Newer/faster models + better samplers? T . | + fsampler L |

Full transient fitting, i.e., full posteriors, takes ~ 10* — 10° model evaluations.

The fastest models based on real physics are ® 10ms =~ 100 — 10,000s to get a final fit.

You have to do this for every event.

As the data gets more informative, the same model requires more evaluations —> LSST+
era, inference will be tougher at a per-object level.
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» As the data gets more informative, the same model requires more evaluations to produce a posterior.
» Point-estimates e.g., max-likelihood/max posterior estimates become increasingly less useful.
» The models are intrinsically uncertain. Degeneracies are not symmetric.

» A median is useful to quote in a paper but it washes uncertainty and combining medians produces
biased inferences.

— Mode (unbiased) = True IMF (ad = — 2.35)
—=—=- Median (biased high) == = Fit to medians (&¢ = — 1.24, biased)
=== Hierarchical fit (a = — 2.60)
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Hierarchical inference is a solved problem™

But as a transient community we barely use the technique.

Need to understand selection + a have a good simulator ‘engine’.

The simulators that now exist are good enough for everything we do in transients other than
precision cosmology.

Selection is also a solvable problem. Provided theorists/inference people work with observers
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End-to-end simulations are the best way to understand systematics/biases. 7
Or whether the “sampler” was an unbiased estimator.

You could historically somewhat rely on most samplers/tools out of the box to recover a transients with typical data
quality.

Increasingly not true. And LSST+ will break things even more.
Traditional MCMC, e.g., emcee is only useful in a rare set of circumstances.

As the data get’s better, we are also more and more susceptible to model misspecification.

Misspecihed input | Correct input
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ZTF DR2

The largest homogeneous sample
of Type la ever.

3628 events with spectroscopic
classification.

A lot of awesome science.

Light curve analysis restricted to
empirical SALT (or similar) models.

For good reason.

Basic models don't fit well.

Take ~100,000 of CPU hours

for a sample of this size to not

fit well.

1 All SNe (N=2205)
= 99aa/91t (N=9, 0.4%)
= norm/04gs (N=15, 0.7%)
e norm/99aa (N=20, 0.9%)
99aa (N=23, 1.0%)
= 91T (N=182, 8.3%)

- Ll norm (N=1956, 88.7%)
me == \fedian z = 0.065
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The cosmology-class of Type la should be described only by radioactive decay of
SONT;
NI.

The simplest physical model you could apply here is:

One zone of material of mass M,; with some fraction f,; . of "ONi expanding

homologously at .

Diffusion approximation is reasonable around peak phase,
The continuum is blackbodye-ish.
This is the basic ‘arnett’ model for supernovae.
Implemented in publicly-used software such as MOSFIT and Redback.
Both tools incorporate gamma-ray leakage.

But make different assumptions/defaults.
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Generally works but falls apart in ZTF-i band.
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What happens in the I-band? 11
Secondary ‘bump’ is proposed to be due to Iron group recombination, Kasen 2006.

Introduces strong wavelength (and time) dependent “opacity” that redistributes flux from UV/blue to
longer wavelengths.

So we extend the model...

We put in a time and wavelength-dependent opacity (phenomenologically, this is not radiative
transfer)

ZTF20aazymxi
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Basic one-zone model Extended one-zone model
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No strong sign of bimodality in the COSMO sample. Reasonably homogeneous population
of la.
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COSMO sample la are clustered around very interesting parts of the parameter

Forbidden Region (fni > 1)
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space. High burning efficiency not predicted by DDT models. Too high?

Host Galaxy Mass (log M, /M)
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Medians are misleading....

Degeneracies are large/Posteriors are broad.
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Forbidden Region (fyn; > 1)
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Forbidden Region (fn; > 1)
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L Individual posteriors L Individual posteriors
Inferred population (90% CI) : Inferred population (90% CI)
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Nickel mass distribution becomes much more consistent with expectations, py; = 0.64 £ 0.06.
43 % (718%) of Type lahave M; < 1.2M, (1.5M ;)

Burning efficiencies compatible with DDT channel, f; = 0.5 £ 0.3.
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Some variation between
subtypes...

Strong support that 21T-like
have systematically higher
ejecta.

1.4 vs 1.64 MQ

Produce ~30% more “°Ni.

04gs-like are usually
underluminous compared
to the rest of the sample.

~1.0 vs 0.6 M, of *°Ni
“median”.
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S6Ni well correlated with

stretch.

Supernova with more
"%Ni have a larger width.

Higher °°Ni = brighter.

In the simple one-zone
model, M,; = larger
diffusion time = longer
lightcurve.

—1 1

Empirical Phillips ALT2 2y (stretch)
relation, but from

physics.




» Ejecta mass also correlated with stretch.

» Systematically larger M, for positive stretch vs negative.

Negative x4 Positive x4
(N = 966) (N = 1239)
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Stretch distributions are different for different M,; bins.

Sub-Ch
1 (< 12) (W =622)
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SALT color also highly correlated with inferred host galaxy extinction.

B Binned median -

0.2 0.4

SALT2 ¢ (color)




Host extinction does not change too much, basically the same distribution above

M

oal > 10°°M_,, maybe lower at lower galaxy mass.

=== log M, = 10
e @ . Binned median + 68%

—A‘ f‘

log(M,/Ms) (host)
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Host mass-step seen In
physical parameters.
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Mass step is rooted in
"°Ni production?
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lower “°Ni yield.

Suggests dependence
on host-galaxy
metallicity or something
else affecting the
burning efficiency?
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As the data becomes better, Dy will kill many existing models/and many ‘sampling algorithms'. X

Lessons from GW...

Population-era analyses with Bayesian posteriors should ideally use Bayesian hierarchical modelling
techniques.

Summary statistics are not useful beyond summaries...
End-to-end simulations are possible and should become a standard part of the pipeline.
Individual object or full survey level e.g., cadence/realistic noise.

We have performed an analysis of the largest sample of Type la with a physical but still wrong
model.

An analysis that would have previously taken ~50000 CPU hours can now be done in ~300 CPU
hours. GPUs brings this down to ~minutes.

The la population as seen through a one-zone model is quite homogeneous, and mostly consistent
with one channel, with near Chandrasekhar mass dominating.

Physics-based standardisation may remove the biggest systematic in la cosmology.
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