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Early-time (hours to days after 
the explosion)

Near maximum luminosity

Late-time (>200 days)

Image Credit: Hoeflich 2017

Helium shell: early times 
(depending on the shell mass)

2

Nucleosynthesis yields: 
nebular phase

Near-MCh WD

Sub-MCh WD in a double detonation

Double detonation from a massive helium shell 

Evident “peculiarities” at both early and late times



From days after explosion to maximum luminosity
Massive He-shell Double Detonation
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Liu et al., 2023a, b



SN2022joj: Asymmetric Double Detonation?
Maximum luminosity
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M ⌧ MCh

Strong Ti II: Helium shell ashes

Weak, slow Si II: sightline opposite 
to the He detonation

Liu et al., 2023b



SN2022joj: Asymmetric Double Detonation?
>200 days after explosion
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Sc
al

ed
f ∏

+
oÆ

se
t

SN2011fe +313 d

SN2022joj +330 d

SN2016hnk +360 d

<latexit sha1_base64="tHAH10U2JrngU1T4fHwSkrBAf60=">AAACA3icdVBNS8NAEN3U7/pV9aaXxSJ4kLCJre1R9OJJFKwKTSib7dYu3XywOxFLCHjxr3jxoIhX/4Q3/42bWkFFHww83pthZl6QSKGBkHerNDE5NT0zO1eeX1hcWq6srJ7rOFWMt1gsY3UZUM2liHgLBEh+mShOw0Dyi2BwWPgX11xpEUdnMEy4H9KrSPQEo2CkTmW97YUU+irMjoW34wG/Ac0yIfLc71SqxK67jlvbxcR2SIM0ClJ3m6RWx45NRqiiMU46lTevG7M05BEwSbVuOyQBP6MKBJM8L3up5gllA3rF24ZGNOTaz0Y/5HjLKF3ci5WpCPBI/T6R0VDrYRiYzuJg/dsrxL+8dgq9pp+JKEmBR+xzUS+VGGJcBIK7QnEGcmgIZUqYWzHrU0UZmNjKJoSvT/H/5Ny1nT27flqr7h+M45hFG2gTbSMHNdA+OkInqIUYukX36BE9WXfWg/VsvXy2lqzxzBr6Aev1AyqRmIk=</latexit>

[Ni ii]

<latexit sha1_base64="L/p8F4MBvgdSFxtltBDwk5fILa4=">AAACA3icdVDLSgNBEJz1bXxFvellMAgeZNnVZE1uQUE8KhgVskuYnXR0yOyDmV4xLAEv/ooXD4p49Se8+TdOYgQVLWgoqrrp7gpTKTQ6zrs1Nj4xOTU9M1uYm19YXCour5zpJFMcGjyRiboImQYpYmigQAkXqQIWhRLOw+7BwD+/BqVFEp9iL4UgYpex6AjO0Eit4lrTjxheqSg/BH/bR7hBzXMh+v2gVSw5dq2265Zd6tiet1Oteoa4Fa9arlDXdoYokRGOW8U3v53wLIIYuWRaN10nxSBnCgWX0C/4mYaU8S67hKahMYtAB/nwhz7dNEqbdhJlKkY6VL9P5CzSuheFpnNwsP7tDcS/vGaGnWqQizjNEGL+uaiTSYoJHQRC20IBR9kzhHElzK2UXzHFOJrYCiaEr0/p/+Rsx3Y9u3JSLtX3R3HMkHWyQbaIS/ZInRyRY9IgnNySe/JInqw768F6tl4+W8es0cwq+QHr9QNHq5ie</latexit>

[Fe ii]

Normal SN Ia

7000 7500 8000
∏rest [Å]
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M ⌧ MCh

Absence of [Ni II]: low central 
density in the progenitor

Blueshifted Fe core: sightline 
opposite to the He detonation
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But what about the normal Ia?



ZTF Early-Late Ia Sample (2023-2024)
Combining early light curves and nebular spectroscopy
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Ni/Fe ratio, Fe velocity

Color evolution, rise time, 
flux excess~40 bright 

ZTF Ia with 
early colors

ZTF

Keck/MMT



Independent probes of the population
(Not quite) Early + Late
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Consistent with double 
detonations at certain viewing 

angles (Boos et al., 2021)
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M ⌧ MCh

High Si velocity at peak:  
sightline near the He detonation

Redshift Fe core at late time: 
sightline near the He detonation

Li et al., 2021



Independent probes of the population
Early + Late
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Redshift Fe core at late time: 
sightline near the He detonation

Light curves at early time

He shell ashes?

Ni-56 asymmetry?

IME asymmetry?
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He/Ca/Ni

He

C/O
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M ⌧ MCh



                           

                                                       
                              

                           

                                                       
                              

                           

                                                       
                              

                           

                                                       
                              Fit ALL SNe simultaneously!

A Systematic Study on the Rise
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fobs,k(tj) = f0,k(t� texp)
↵k

• Previous model: fit each SN 
independently to infer  

• Hierarchical model: draw      
from the same distribution 
controlled by hyper-parameters
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~103 SNe Ia from ZTF DR2 (Rigault et al. 2025)
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ωi → N(2, 0.1)
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tfl → N(↑20, 1)

Pooled model  
Same parameters 

for all SNe
Hierarchical Model 

Parameters drawn from the 
same hyper distribution 

11

Liu, Miller et al., 
2025b, in prep.

Unpooled model  
Independent fits
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~103 SNe Ia from ZTF DR2 (Rigault et al. 2025)

Flux excess?
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t0 → tfl [day] ↑ N (19.1± 1.6)
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ωg → N (2.28± 0.36)
<latexit sha1_base64="uP35U9fti4MbsEybouTBrdZSpKk=">AAACEHicbVDLSsNAFJ34rPUVdelmsIh1E5Lio8uiG1dSwT6gCeVmOm2HziRhZiKU0E9w46+4caGIW5fu/Bunj4W2HrhwOOde7r0nTDhT2nW/raXlldW19dxGfnNre2fX3tuvqziVhNZIzGPZDEFRziJa00xz2kwkBRFy2ggH12O/8UClYnF0r4cJDQT0ItZlBLSR2vaJDzzpQ1tiXzGBfQG6T4Bnt6NiyXHLfiKw65TKp2274DruBHiReDNSQDNU2/aX34lJKmikCQelWp6b6CADqRnhdJT3U0UTIAPo0ZahEQiqgmzy0AgfG6WDu7E0FWk8UX9PZCCUGorQdI4PVvPeWPzPa6W6Ww4yFiWpphGZLuqmHOsYj9PBHSYp0XxoCBDJzK2Y9EEC0SbDvAnBm395kdRLjnfhnN+dFSpXszhy6BAdoSLy0CWqoBtURTVE0CN6Rq/ozXqyXqx362PaumTNZg7QH1ifP6OFmwk=</latexit>

ωr → N (2.08± 0.28)



ZTF Early-Late Ia Sample (2023-2024)
Significant host contamination in >50% of the targets
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• Fully Python + available at GitHub 

• Leveraging archival imaging as priors 

• Accelerated by JAX: Just-in-time compilation + automatic differentiation

Robust galaxy background removal in a few 
minutes on your laptop!

Liu & Miller 2025 - on arXiv today!



HOSTSUB_GP Pipeline
Building the prior - normalized 2D profiles
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Liu & Miller 2025
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HOSTSUB_GP Pipeline
Revisiting SN 2019eix — peculiar Ia or Ic?
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PI: Fremling



HOSTSUB_GP Pipeline
Revisiting SN 2019eix — double-detonation Ia!
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<latexit sha1_base64="I62r4PcfQ7T8PLp4NGcOkNqb5Vg=">AAACMXicbVDLSgNBEJz1bXxFPXoZDIIHibvi6ygK4kkimETIhjA76ejgzOw60yuGZX/Ji38iXjwo4tWfcPI4aLSgoajqprsrSqSw6Puv3tj4xOTU9MxsYW5+YXGpuLxSs3FqOFR5LGNzFTELUmiookAJV4kBpiIJ9ej2pOfX78FYEetL7CbQVOxai47gDJ3UKp7pVhYqhjdGZeciD7dChAe0PBMiz+k2/WGfwqgdWqHgjvrlvXCjVSz5Zb8P+pcEQ1IiQ1RaxeewHfNUgUYumbWNwE+wmTGDgkvIC2FqIWH8ll1Dw1HNFNhm1v84pxtOadNObFxppH3150TGlLVdFbnO3vV21OuJ/3mNFDuHzUzoJEXQfLCok0qKMe3FR9vCAEfZdYRxI9ytlN8wwzi6kAsuhGD05b+ktlMO9st7F7ulo+NhHDNkjayTTRKQA3JEzkiFVAknj+SFvJF378l79T68z0HrmDecWSW/4H19A5k/qvs=</latexit>

nNi ii/nFe ii → 0.5%Strong Fe, Ni, Co, no [O I]
Liu & Miller 2025



Early v.s. Late
Color evolution v.s. Fe core velocity
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Key Takeaways
Still Far from Fully Understanding Ia Progenitors, but…
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• DO NOT ignore rare weirdos! 

• DO NOT fit early rises individually! 

• DO NOT exclude host contaminated SNe from your sample! 

• Do analyze early and late-time observables jointly!


