








see Riess+1998, Perlmutter+ 1999
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HOWEVER...



2
S
{»!
Q
L
-
Q.
=
Q
N
&
S
Q
<

=
o

it
U

-
I

™
w

71.43 = 0.62 (stat) £ 2.43 (sys)
72.65 +0.63 (stat) + 2.88 (sys)
73.04 = 1.01 (stat) =£1.04 (sys)
69.80 = 0.60 (stat) = 1.60 (sys)
74.60 = 0.90 (stat) = 2.70 (sys)
70.50 = 2.37 (stat) = 3.38 (sys)
67.40 = 0.50 (total)

This Work (B)

This Work (H)

Riess et al. (2021)

Freedman et al. (2021)
Garnavich et al. (2022)

Khetan et al. (2021)

Plank Collaboration et al. (2018)
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CALIBRATING STELLAR
EXPLOSIONS AS

PRECISION

on behalf of the TARDIS/DTI collaboration
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ROpke et al.



The ejecta just after the explastor

Expanding
homologously
(fastest layer on
the outside)

An Example:

O Mg Si __ Ca Fe



EARLY SPECTRAL EVOLUTION

Optically thin ejecta(t < 1)

ck ejecta

Photosphere

S

CO Si Fe Ni

Dominant Element




SUPERNOVA TOMOGRAPHY

SMOOTH
CONTINU

EXPANDING EXPLODED
OBJECT ‘

OBSERV:D SPECTRA

. ELEMENTS IN THE ENVELOPE
IMPRINT FEATURES ONTO SPECTRI

100 AU

4 d days since Explosion

o e —

Spectra from SN2011fe Pereira et al. 2013



RECONSTRUCTING
EXPLOSIONS WITH

SUPERNOVA
TOMOGRAPHY




INFERENCE OF EXPLOSION

Physics-driven

Data-derived

Reconstruction

t = 6 days t =19 days

t =12 days

Flux
Flux
Flux

Wavelength Wavelength Wavelength



SIMULATION BASED INFERENCE WITH A LIKELIHOOD

P(data|Model(0)) X P(6)

P(Model(0)|data) =

Supernova Radiative
Transfer Simulator

JO 101131504

J Buchner
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THE TARDIS

TEAM




TARDIS - AN INTERDISCIPLINARY COLLABORATION
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EMULATOR - THE MAKING OF

EMULATOR BUILDING
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PHYSICS!!!

TRAINING
(FITTING) THE q
EMULATOR




BUILDING THE TRAININGSET

> Informed by theory (for
Type la: HESMA models;
Kromer 2018)

> We only trust
predictions within the
range - no extrapolation

Fe abundance

» Custom-built for each
experiment/paper

Si abundance



EMULATOR - THE MAKING OF
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TRAINING
(FITTING) THE
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PROBABILISTIC DALEK

PROBABILISTIC DALEK (KERZENDORF ET AL. 2022)

> |ncorporate uncertainties through (following Lakshminarayanan et al. 2017)

» Probabilistic loss function for each individual network

L(X) = —logpg (y|x) — flogp(6) -
logo s - Z here @ th ights of
0805 (X) n (y ,ug(x)) +ﬁ 161, +C0nstant'w ere 0 are the weights o
the network

0.¢

> Aggregated in Deep Ensembles

> Uncertainties capture the TARDIS uncertainties



EMULATORS + MONTE CARLO CODES
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DALEK EMULATOR

ACTIVE LEARNING

> Too large and too complex a s rtainty under 1% with classical

emulator techniques

Adding points with high
emulator uncertainty
and high posterior to the
raining set

> Uncertainty quantification in e earning (see O'Brien, WEK et al.

2024)

|GE Fraction

DEFINING TRAINING SET N:
nferring densities and | m UBE Fractior

omposition on real
pectra



APPLYING

SUPERNOVA
TOMOGRAPHY




Lead: John “Jack” O’Brien

O’Brien, WEK, et al. 2022, 2024,
2025 almost submitted

DIVERSITY IN A
“HOMOGENEOUS™ CLASS

= w— TYPE IA
SUPERNOVAE
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BPROGEN-RICH TRANSI s

Jing Lu (MSU)
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MAP parameters

B No interaction
Electron Scatter Only
Other elements
---- TARDIS Spectrum
- SN2014L NIR 1.1d since Vmax

10000
Wavelength [A]




ADHOCC

/How big? \ /How hot? \
Th

e size of the supernova is given by how fast The colour of the supernova tells you!

it expands and for how long it has expanded.
&

_______ . | N Y

‘ ‘ Christian Vogl (Zeiss)

[ ~ Diameter? x Temperature# ]

‘,

[ Distance ~ ]

Diameter

-
o

&

PROBABILISTIC TYPE I|IP
TRANSIENT TOMOGRAPHY FOR

COSMOL

Credit: Chistian Vogl+adHOcc



Hy [km/s/Mpc| vogl, .., WEK, et al. 2025
— 74.91

prior
W posterior
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PROBABILISTIC TRANSIENT TOMOGRAPHY

WHERE ARE WE GOING?

> Open, reproducible, sustainable framework

> Synergizing simulation, machine learning, and Bayesian inference for
physics knowledge

> Important to have a experts from observations to modeling to
statistical inference

> Interdisciplinary team is a given
» BUT ... integrating them in the final science case crucial
> From single spectra/objects to population-scale inference

> Next step - fusing LSST/Roman discovery streams with exascale
simulations to open a new era of transients as precision probes of
the evolving Universe









DEEPTHOUGHT INITIATIVE

SCIENCE IS NOW COMPUTATIONAL - SO AN a b &
|S STU DYlNG IT Joe Petrecca Benjamin Mellon Vicente Amado Bea Lu

> The DeepThought Initiative uses computational tools to study the
process of science itself

> The Al entering our analysis pipelines is also entering the process
of science: literature search, review, writing, code

> Reproducibility was already fragile; hosted LLMs make it harder:
nondeterministic outputs, no meaningful seeding, models that
drift and retire

> What does a reproducible method section even mean with a
stochastic black box in the loop? We do practical research on

exactly this /

> Methods, reproducibility, evaluation and peer review: talk to me \

'_ o “‘I
4 . “

2 F e hh
'The DeepThought Initiative

Kerzendorf 2017 - Kerzendorf+ 2020 - AND: Amado Olivo, WEK+ 2025 - LLM
reproducibility agents: Amado Olivo+ in prep




THANK YOU




PROBABILISTIC TRANSIENT TOMOGRAPHY

WHERE ARE WE GOING?

> Open, reproducible, sustainable framework

> Synergizing simulation, machine learning, and Bayesian inference
for physics knowledge

> Interdisciplinary team is a given
» BUT ... integrating them in the final science case crucial
> From single spectra/objects to population-scale inference

> Next step - fusing LSST/Roman discovery streams with exascale
simulations to open a new era of transients as precision probes ¢
of the evolving Universe
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  Optically thin ejecta ( 𝜏 < 1 )


  ( 𝜏 > > 1 )


  P ( Model(  𝜃 ⃗ ) |   data ⃗ ) =   P (   data ⃗ | Model(  𝜃 ⃗ ) ) × P (  𝜃 ⃗ )  ∫ d 𝜃 P (   data ⃗ | Model(  𝜃 ⃗ ) ) × P (  𝜃 ⃗ )


     ℒ ( 𝐱 ) =  − log  p 𝜃 ( 𝐲 | 𝐱 ) − 𝛽 log p ( 𝜃 )   ∝    log  𝜎 𝜃 2 ( 𝐱 ) 2 +   ( 𝐲 −  𝜇 𝜃 ( 𝐱 )  ) 2  2  𝜎 𝜃 2 ( 𝐱 ) + 𝛽 ∥ 𝜃  ∥ 2 + constant


   𝜃 ⃗

