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Typically: Iind a stellar model that reproduces the star
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Progenlt: Fit to grid of models with priors

Tomer Katz
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Katz & Arcavi (in prep)



Progenlt: Get posteriors, see degeneracies

M_ZAMS = 9.75 +2.357 -1.571 [M3)]
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Progenlt: Quantify sensitivity to assumptions

Quantify sensitivity to: assumed distance

TEL

— == True values
¢ Fit results

Katz & Arcavi (in prep)



Progenlt: Quantify sensitivity to assumptions

Quantity sensitivity to: assumed metallicity

-==True values
$  Fit results

1.0
Metallicity [Z ¢ ]

Katz & Arcavi (in prep)



Progenlt: Quantify sensitivity to assumptions

Quantity sensitivity to: assumed extinction

nplm
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Katz & Arcavi (in prep)



Progenlt: Quantify sensitivity to assumptions

Quantity sensitivity to: mass prior
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Progenlt: Quantify sensitivity to assumptions

Quantify sensitivity to: observed filters

# of filters

UV + vis vis only vis + IR
M ZAMS = 9.679 +3.214 -2.143 [M©] M ZAMS = 8.607 +3.214 -1.071 [M©] M ZAMS = 8.607 +3.214 -1.071 [M©®]
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Progenlt: Get posteriors, see degeneracies

Mzans = 1075 +£2.25 M
M_ZAMS/M® = 11.84 +2.506 -1.17 Track fitting vs. measurements

13.0 18.0 Log[Z/Zo] =0
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Example use: population studies

SN 2003gd
Maund et al. (2014)

SN 2008bk
Mattila et al. (2008)
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RSG problem
- Powerlaw fit
Broken powerlaw fit
Salpeter IMF powerlaw (a=-2.35)
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SN 2023ixf
Kilpatrick et al. (2023)
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SN 2024abfl
Luo et al. (2025)

Likelihood
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SN 2024ggqi
Xiang et al. (2024)
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Katz & Arcavi (in prep)



New proplem: pre-explosion RSGs don't sit still
(can be incorporated into the Progenit framework)

———15.0Mg

> hydrostatic
¢ time averaged

¢ Kilpatrick+ 2023
V Jencson+ 2023

- Niu+ 2023
® Soraisam+ 2023
» Van Dyk+ 2024
<4 Qin+ 2024

Xiang+ 2024a

% Neustadt+ 2024
B Ransome+ 2024

Laplace et al. (2025)
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Fit supernova

Grid of massive star
models

ignt curve

Grid of CSM profiles

Grid of explosion
models

Grid of supernova light curves
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Mohsen, Bracha, Shitrit & Arcavi (in prep)



Typically: [ind a model that reproduces the supernova

set

Parameter Values

Progenitor ZAMS mass (Mzawms; Mg) 11,13, 14,16,17,18, 21

Final pre-SN mass (M) 10.688,11.567,12.079, 13.145, 14.301, 14.936, 16.119
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Pre-SN radius (100 R) 5.7,7.0,7.8,8.9,9.1,9.7,11.2

~

@o+l  ®U+SS . 51
Bid @ Bolomaile Luminosity Explosion energy (Eeyp; 107 erg) 0.5,0.8,1.1,1.4,1.7,2.0

- Without CSM (wind)

e CSM density (K; 10" g cm™1) 0, 10, 20, 30, 35, 40, 50, 60

CSM extent (Rext; 100 Ry) 0, 15, 18, 21, 24, 27, 30, 33

50 100 Ni mass (Mg) 0.08,0.09,0.11
Phase (day)

Bostroem et al. (2019)



SNemcee: Interpolate gria

——  without CSM
—— with CSM
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SNemcee: Fit bolometric / magnitudes / velocities

— lum+veloc —— mag+veloc
e SN2017eaw ' e SN2017eaw
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Mohsen, Bracha, Shitrit & Arcavi (in prep)
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Example use: CSM around pre-explosion RSGs
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Morozova et al. (2018)

Credit: ESO/M. Kornmesser




SN 2020b1) - A SN IIP with a slow rise: no CSM?

Phase [Rest-Frame Days]
40 60 80 100
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Mohsen, Arcavi et al. (in prep)



SN 202001 - Models preter little circumstellar interaction
Even when the model is given the freedom to add it

Mzams: 14.7 + [0.713,0.75] Mzams: 14.1 + [1.08,1.05]
Ni: 0.0047 £+ [0.0228,0.0246] Ni: 0.03 £+ [0.0143,0.0135]
E: 0.957 +[0.105,0.145] E: 0.911 % [0.0935,0.0947]
Mix: 5.25 +[1.42,1.34] Mix: 4.82 +[1.9,1.61]

S: 0.484 +[0.122,—0.013] S: 0.475 £+ [0.051,0.058]

T: —3.35 % [1.35,1.5] T: —4.14 £+ [0.772,0.859]
K: 35.6 + [24.0,19.1] No CSM

R: 94.2 + [91.4,170]
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SN 2020p1] - Models preter little circumstellar interaction

Even when the model is given the freedom to add it

Pcsm
ARy

Pcsm




SN 202001) - Can be explained with shock cooling alone

No need for circumstellar interaction like in most other I1Ps

Shock yelocity

Envelope mass
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SN 2020p1] - Highest velocity [IP ever seen”

Ho 6563A Fell 5169A
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Mohsen, Arcavi et al. (in prep)
Comparison samples from Leonard et al. (2002) & Gutierrez et al. (2017)




Additional slowly-rising [IP SNe

I
=
N

—4— SN2020bij ~ SN201l4cy Mohsen, Arcavi et al. (in prep), Homuy et al.
¥— SN1999em SN2018fif (2001), Faran et al. (2014), Galbany et al.
: :E;ggg%‘ _‘:_ :m;g;;wa (2016), Soumagnac et al. (2020),
| axXu
4 SN2013ab Hosseinzadeh et al. (2022), Shrestha et al.
(2023), Gal-Yam et al. (2011), Pastorello et al.
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All slow-rising events snow extremely nign velocities
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Mohsen, Arcavi et al. (in prep)

30 40 50 60 Comparison sample from
Phase [Rest-Frame Days] :
Gutierrez et al. (2017)




3ut not all slow-rising events have zero CSM

® Morozova+2018 sample
* Slowly Rising SNe
- Constant Mgy

500 750 1000 1250 1500 1750 2000
ARcsv [R o ] Mohsen, Arcavi et al.

(in prep)




Class of slowly-rising high-velocity [1P's
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Early light from a SN rememubpers the star

Outgoing shock wave

Collapsing STa\
\
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Earl

Tom a SN remembers the star

lignt




Earl

Tom a SN remembers the star

lignt

Shock breakout:
X-rays + UV, minutes to
hours flash




Early light from a SN rememubpers the star

5 Shock breakout:
X-rays + UV, minutes to
‘. Ky hours flash

Shock cooling:

—Nergy 10ss to

VV AA" expansion + radiation
JV =2 optical, hours to
gays to months




Shock cooling 1s sensitive

1

Ni decay energy

the progenitor radius

arge progenitor

(red super-giant)
SN1999em [Leonard et al. 2002]

IN-between progenitor

(partially stripped star)
SN1993J [Richmond et al. 1994

Compact progenitor

(fully stripped star)
PTF10vgv [Corsi et al. 2012]



Dlversity within partially stripped stars

SN 2011dh
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Arcavi et al. 2011




Diversity within partially stripped stars

SN 1993J SN 2011dh

. g LS.,
But NO! HST pre-explosion show a supergiant
(i.e. extended) progenitor for both
SN 1993J (7d cooling) and SN 2011dh (3d cooling)
Aldering et al. 1994, Maund et al. 2011, Van Dyk et al. 2011, 2014

xtendec
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Arcavi et al. 2011




Shock cooling reveals peculiar progenitor structure

Extendeo
L OW-mMass

Compact Core ™ H-Envelope

log r |[cm

Bersten et al. 2012 (see also Hoflich et al. 1993; Woosley et al. 1994)




Flash ionizing the CSM with the snock breakout

Outflowing SN ejecta

S lluminating the wind
“Ly = 5
Progenitor wind
reacting to the SN flux
“L

-
o~ pUt Not yet swept by

the ejecta

-
>

|
1013 cm ~ few hours for the ejecta to overtake




‘Flash spectra’ reveal con

ned CSM

-18

X 10

Rest Wavelength [Ang]

Gal-Yam, Arcavi et al. 2014
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P60+SEDm
+1.0d

WHT+ISIS
+1.8d

P200+DBS
4.0d

P60+SEDm

P200+DBSP
+0.6d

Keck1+LRIS
4.7d

WHT+ISIS
+3.0d

P200+DBSP

y +13.3d
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| +2.7d

i P60+SEDm
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NOT+ALFOSC
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0.9d

P60+SEDm
.2d

L TNG+DOLORY

TNG+DOLORI
+3.9d

NOT+ALKFOSC
6.9d

‘Flash spectra’ common in SNe I

Bruch et al. 2023

0.358 < p <0.785
at 95% confidence

10297 < p < 0.833
" at 99% confidence
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Asteroselsmology can prope stellar interiors

Stars oscillate.

These oscillations are influenced by the star’s

oroperties: age, radius, mass, metallicity, but
also: internal mixing (i.e. core overshoot),
rotation, angular momentum transport (i.c.
differential rotation), magnetic fields...

R. Townsend / UW-Madison



Oscillation of massive stars are notoriously hard to discern

Asteroseismology of HD 129929:
Core Overshooting and
Nonrigid Rotation

C. Aerts,'* A. Thoul,? ). Daszynska,'> R. Scuflaire,” C.
Waelkens,' M. A. Dupret,” E. Niemczura,®> A. Noels?

Me have gathered and analyzed 1493 high-quality multicolor Geneva photometric
f the B3V star HD 129929. We detect six frequencies,
ar e erfects of rotational splitting with a spacing of ~0.0121
cycles per day WhICh implies that the star rotates very slowly. A nonadiabatic
analysis of the oscillations allows us to constrain the metallicity of the star to
Z €[0.017,0.022], wh|ch agrees with a similar range derived from spectroscopic
data. We provideguidanca fartha gccurrence of core convective overshooting
in the star, withfo_ = 0.10 = 0.058and we rule out rigid rotation.
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Aerts et al. (2003)
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Informative, but hard to reproduce for a large

sample



Full astroseismic studies have
SO far peen performed only
on 9 massive stars



Need long-term continuous coverage

Time (BJD-2454833)
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Need to 1dentilty the modes to constrain physics

FEvery oscillation mode is identified by its |, m

and n.

Full astroseismic analysis depends on:

1. Measuring the frequency, amplitude ana
relative phases of each mode.

2. Associating these modes with their
respective | m and n (“mode identification”) to

it model degeneracies.




Need to 1dentilty the modes to constrain physics
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Different modes produce different amplitude
ratios across different bands.
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By comparing multi-band amplitude ratios to
stellar models, the modes can be identified.
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color information.
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Reducing 21 years of opservations to 4 montns
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Noi Shitrit

—— Simulated Signal
| Simulated Observational Sample

The same frequency
spectrum that took
Aerts et al. (2003) 21
years to map, can
be reproduced in 17
weeks with
weekly 48-hour runs.
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Shitrit & Arcavi (2024)



The Las Cumires Observatory Glopal Network

Uniform

Nelelelile




Pulsating main-sequence M > 8M , = p-Cepheids

= = v SRl Dk
SARNERL

25

Jeffery (2008)



Proof-of-concept 1inds stable oscillations over decades

1HD129929 1m 4mm defocus e Chile B Hawaii

B Australia Bl Tenerife
| - South Africa

0 5 10 0 10 20 30 40
Hours From HJD 2456773.2833 Hours From H)D 2456777.9149

HD129929 0.4m 1mm defocus

10 15
Hours From HJD 2459317.969

HD180642 0.4m no defocus

HD18064|2 0.4m

| | | | 0 10 20 " .
Hours From HJD 2459420.5673 Time [hours Shitrit & Arcavi (2024)




Tripling the sample 0550 nmaia™

Adding color
information for full
mode identification

Pl: Noi Shitrit
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T'he Global Asteroseismology Project

With: C. Aerts, D. Bowman, G. Handler,
A. Gilkis, M. Lam and M. Pedersen

NRES

Color information Stellar Properties

Las Cumbres Observatory
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+ Grid of MESA models + GYRE oscillations + atmospheric models

— Constraints on internal parameters of a sample of massive stars
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