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‣ Various astrophysical object in the universe(stars, star clusters, galaxies, compact 
objects). Their formation and evolution are interesting problem. 

‣ Massive stars and their activities influence the evolution of galaxies and universe. 

‣ Transient studies: important not only for understanding evolutions and activities of 
stars, but also for investigating feedback processes to larger scales.
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 Transient studies and astronomy/astrophysics



‣ Traditional extragalactic (optical) transients are often explosions of whole stars: The final 
stage of stellar evolution 

‣ Massive stars explode as core-collapse supernova explosions and brightly outshine. 

‣ White dwarfs in close binaries explode in some way as thermonuclear supernova 
explosions
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1984 1987
SN 1987A

SN 1987A at Magellanic cloud

 Transient studies and astronomy/astrophysics



‣ Feedback processes to interstellar media, galaxy, and larger structures (heavy elements, 
ionizing photons, mechanical energy injection, cosmic-ray acceleration)

6Gravitational collapse of massive stars and CCSNe

Cosmic star formation history 
 (Madau&Dickinson 2014)

What kinds of stars have formed throughout the cosmic history?

Supernova rate problem 
 (Horiuchi+ 2011)



‣ Feedback processes to interstellar media, galaxy, and larger structures (heavy elements, 
ionizing photons, mechanical energy injection, cosmic-ray acceleration)

7Gravitational collapse of massive stars and CCSNe

How and when heavy elements are created? credit: NASA’s Goddard Space Flight Center



‣ Feedback processes to interstellar media, galaxy, and larger structures (heavy elements, 
ionizing photons, mechanical energy injection, cosmic-ray acceleration)

8Gravitational collapse of massive stars and CCSNe

How explosive objects influence the surroundings?



‣ Collapsing massive stars are birthplaces of compact 
objects. 

‣ SN1054 (SN that created the Crab nebula) 

‣ ~1000 yrs-old NS sitting at the center.

9

BH binaries

©LIGO

Crab pulsar

©NASA

SN 1987A

©NASA ©NASA

From birth to death of stars

HST image of Crab nebula 
https://hubblesite.org/image/3885/category/35-supernova-remnantsRadio signal from Crab pulsar 

credit: ESO 
https://www.eso.org/public/images/eso9948i/

time [msec]

radio luminosity

credit: Chandra Education Data  
Analysis Software And Activities

How compact objects (NS/BH) are born?



‣ Collapsing massive stars are birthplaces of compact 
objects. 

‣ SN1054 (SN that created the Crab nebula) 

‣ ~1000 yrs-old NS sitting at the center. 

‣ NS 1987A in SN 1987A remnant?
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BH binaries

©LIGO

Crab pulsar

©NASA

SN 1987A

©NASA ©NASA

From birth to death of stars

Warm dust with a heat source?  
                                         (Cigan+2020)

How compact objects (NS/BH) are born?



‣ Collapsing massive stars are birthplaces of compact 
objects. 

‣ SN1054 (SN that created the Crab nebula) 

‣ ~1000 yrs-old NS sitting at the center. 

‣ NS 1987A in SN 1987A remnant?
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BH binaries

©LIGO

Crab pulsar

©NASA

SN 1987A

©NASA ©NASA

From birth to death of stars

How compact objects (NS/BH) are born?

Massive stars

intermediate-, low-mass stars

Black hole

Neutron stars8-10Msun

? Msun

White dwarf



‣ ZAMS mass(Mzams), metallicity(Z), rotation(Ω), magnetic field(B) → various types of CCSNe 

‣ compact object(NS/BH) or no compact object(ECSNe/PISNe)
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Mapping an IMF to a variety of transients and remnants

BH binaries

©LIGO

Crab pulsar

©NASA

SN 1987A

©NASA ©NASA

dN/dM

Mzams

AGB stars 
WDs 
SNe Ia CCSNe  

forming 
NSs?

CCSNe  
forming 
BHs?

8-10M◉ ??M◉

Massive  
stars

low-mass  
stars

Initial Mass Function (IMF):   
    probability distribution of the initial stellar mass (or Mzams)

Salpeter IMF:  
   dN/dM ~ M-2.35

ZAMS=Zero Age Main Sequence(~initial mass)

From birth to death of stars



‣ Electromagnetic wave obs.(EM): “old good” way. various information across EM spectrum 
(radio to gamma-ray). But, we cannot see through the photosphere. 

‣ Neutrino obs. (ν): information on stellar cores. But, detections are challenging (SN 
1987A). →multi-messenger astronomy
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Bang!

ν

EM

Neutrino from SN1987A 
credit: ICRR, U.Tokyo 

http://www-sk.icrr.u-tokyo.ac.jp/sk/physics/supernova.html

SN1987A light curve 
data source: Catchpole et al. (1987,88) MNRAS 229 15 
https://ui.adsabs.harvard.edu/abs/1987MNRAS.229P..15C

SN 1987A

 EM and ν + GW observations
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Bollig+(2021)

‣ observational test for what we 
believed as the standard explosion 
mechanism (ν-driven) 

‣ ν luminosity/spectrum → 
temperature and radius of ν-sphere 

‣ relation between ν properties and  
progenitor/explosion 
properties(mass, energy, ,Ni,...)

‣ Electromagnetic wave obs.(EM): “old good” way. various information across EM spectrum 
(radio to gamma-ray). But, we cannot see through the photosphere. 

‣ Neutrino obs. (ν): information on stellar cores. But, detections are challenging (SN 
1987A). →multi-messenger astronomy SN1987A light curve 

data source: Catchpole et al. (1987,88) MNRAS 229 15 
https://ui.adsabs.harvard.edu/abs/1987MNRAS.229P..15C

Neutrino from SN1987A 
credit: ICRR, U.Tokyo 

http://www-sk.icrr.u-tokyo.ac.jp/sk/physics/supernova.html

 EM and ν + GW observations



‣ Feedback processes to interstellar media, galaxy, and larger structures (heavy elements, 
ionizing photons, mechanical energy injection, cosmic-ray acceleration)
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Cosmic star formation history 
 (Madau&Dickinson 2014)

What kinds of stars have formed throughout the cosmic history?

Diffuse SN neutrino background search 
 (M.Harada, Neutrino 2024)

 EM and ν + GW observations



‣ ZAMS mass(Mzams), metallicity(Z), rotation(Ω), magnetic field(B) → various types of CCSNe 

‣ compact object(NS/BH) or no compact object(ECSNe/PISNe)
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Mapping an IMF to a variety of transients and remnants

BH binaries

©LIGO

Crab pulsar

©NASA

SN 1987A

©NASA ©NASA

 EM and ν + GW observations

BH formation in failed SN 
Kuroda&Shibata (2023)

GW signal from CCSN 
Vartanyan+ (2023)
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‣ Light curves+spectra (Ia, Ib, Ic, II)
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SN light curves (Smith+2012)
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Spectral classification of SNe and their progenitors
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SN spectra (Modjaz+2014)
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Hydrogen
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Type Ia
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‣ Light curves+spectra (Ia, Ib, Ic, II)

Spectral classification of SNe and their progenitors
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‣ Light curves+spectra (Ia, Ib, Ic, II)

Spectral classification of SNe and their progenitors
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‣ Light curves+spectra (Ia, Ib, Ic, II)

Spectral classification of SNe and their progenitors
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‣ Light curves+spectra (Ia, Ib, Ic, II)

Spectral classification of SNe and their progenitors



Spectral classification of SNe and their progenitors
‣ Light curves+spectra (Ia, Ib, Ic, II)

H-rich SNe
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Smith+(2007)

see, also, AS, Moriya, Takiwaki (2019,20)
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CCSNe type fraction based on the volumetric 
samples in Lick Observatory SN search 

Shivvers+(2017)

type II 
H-rich SNe 

~70%

type IIb/Ib/Ic 
stripped SNe 

~30%

H-rich SNe

Spectral classification of SNe and their progenitors
‣ Light curves+spectra (Ia, Ib, Ic, II)



25Massive star evolution (Mini> ~10Msun )
‣ successive formation of burning layers and nuclear products (from He to Fe) 

‣ Fe core collapses with its own gravity



H
He
C＋O

O,Ne,Mg

Si

Fe

‣ gravitational energy of iron core-collapse: |Egrav| ~ GMns2/Rns ~ 1053 [erg] 

‣ typical explosion energy: Eexp ~ 1051[erg] = 1% of Egrav 

‣ how to achieve 1% efficiency → ν heating mechanism is likely 

‣ Can we reproduce typical CCSNe or need any new physics?

26 Explosion mechanism of CCSNe

‣ radiated energy from a typical CCSN: 
Erad~1049 [erg] = 1% of Eexp 

‣ corresponding to ~0.1Msun radioactive 56Ni 

‣ Can we reproduce enough 56Ni to power 
CCSN emission?

Bollig+(2021)



H
He
C OONe

MgSi
SFe

‣ Eexp~1051erg injected around Fe core → blast wave propagation in the star 

‣ post-shock temperature: 

‣ explosive nucleosynthesis: various kinds of nuclei
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‣ T>5x109[K]: complete Si burning 

‣ T=(4-5)x109[K]: incomplete Si burning 

‣ T=(3-4)x109[K]: O burning 

‣ T=(2-3)x109[K]: C and Ne burning

➡ 56Ni, Fe-peak 

➡ Si, S, 56Ni, Ar, Ca 

➡ O, Si, S, Ar, Ca 

➡ O, Mg, Si, Ne

4π
3

R3arT4 ∼ Eexp ⇒ T ∼ 1010 (
Eexp

1051erg )
1/4

( R
108cm )

−3/4

[K]

 Fe core formation 

H
He
C OONe

MgSi
SFe  core-collapse+explosion 

 Shock propagation: explosive nucleosynthesis
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‣ T>5x109[K]: complete Si burning 

‣ T=(4-5)x109[K]: incomplete Si burning 

‣ T=(3-4)x109[K]: O burning 

‣ T=(2-3)x109[K]: C and Ne burning

➡ 56Ni, Fe-peak 

➡ Si, S, 56Ni, Ar, Ca 

➡ O, Si, S, Ar, Ca 

➡ O, Mg, Si, Ne

28Si

‣ Eexp~1051erg injected around Fe core → blast wave propagation in the star 

‣ post-shock temperature: 

‣ explosive nucleosynthesis: various kinds of nuclei

4π
3

R3arT4 ∼ Eexp ⇒ T ∼ 1010 (
Eexp

1051erg )
1/4

( R
108cm )

−3/4

[K]

 Shock propagation: explosive nucleosynthesis

enclosed mass [Msun]
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‣ T>5x109[K]: complete Si burning 

‣ T=(4-5)x109[K]: incomplete Si burning 

‣ T=(3-4)x109[K]: O burning 

‣ T=(2-3)x109[K]: C and Ne burning

➡ 56Ni, Fe-peak 

➡ Si, S, 56Ni, Ar, Ca 

➡ O, Si, S, Ar, Ca 

➡ O, Mg, Si, Ne

28Si

‣ Eexp~1051erg injected around Fe core → blast wave propagation in the star 

‣ post-shock temperature: 

‣ explosive nucleosynthesis: various kinds of nuclei

4π
3

R3arT4 ∼ Eexp ⇒ T ∼ 1010 (
Eexp

1051erg )
1/4

( R
108cm )

−3/4

[K]

 Shock propagation: explosive nucleosynthesis

enclosed mass [Msun]
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‣ T>5x109[K]: complete Si burning 

‣ T=(4-5)x109[K]: incomplete Si burning 

‣ T=(3-4)x109[K]: O burning 

‣ T=(2-3)x109[K]: C and Ne burning

➡ 56Ni, Fe-peak 

➡ Si, S, 56Ni, Ar, Ca 

➡ O, Si, S, Ar, Ca 

➡ O, Mg, Si, Ne

28Si

‣ Eexp~1051erg injected around Fe core → blast wave propagation in the star 

‣ post-shock temperature: 

‣ explosive nucleosynthesis: various kinds of nuclei

4π
3

R3arT4 ∼ Eexp ⇒ T ∼ 1010 (
Eexp

1051erg )
1/4

( R
108cm )

−3/4

[K]

 Shock propagation: explosive nucleosynthesis

enclosed mass [Msun]
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‣ T>5x109[K]: complete Si burning 

‣ T=(4-5)x109[K]: incomplete Si burning 

‣ T=(3-4)x109[K]: O burning 

‣ T=(2-3)x109[K]: C and Ne burning

➡ 56Ni, Fe-peak 

➡ Si, S, 56Ni, Ar, Ca 

➡ O, Si, S, Ar, Ca 

➡ O, Mg, Si, Ne

28Si

explosive nucleosynthesis in 20Msun star

‣ Eexp~1051erg injected around Fe core → blast wave propagation in the star 

‣ post-shock temperature: 

‣ explosive nucleosynthesis: various kinds of nuclei

4π
3

R3arT4 ∼ Eexp ⇒ T ∼ 1010 (
Eexp

1051erg )
1/4

( R
108cm )

−3/4

[K]

 Shock propagation: explosive nucleosynthesis
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‣ T>5x109[K]: complete Si burning 

‣ T=(4-5)x109[K]: incomplete Si burning 

‣ T=(3-4)x109[K]: O burning 

‣ T=(2-3)x109[K]: C and Ne burning

➡ 56Ni, Fe-peak 

➡ Si, S, 56Ni, Ar, Ca 

➡ O, Si, S, Ar, Ca 

➡ O, Mg, Si, Ne

28Si

explosive nucleosynthesis in 20Msun star

‣ Eexp~1051erg injected around Fe core → blast wave propagation in the star 

‣ post-shock temperature: 

‣ explosive nucleosynthesis: various kinds of nuclei

4π
3

R3arT4 ∼ Eexp ⇒ T ∼ 1010 (
Eexp

1051erg )
1/4
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‣ T>5x109[K]: complete Si burning 

‣ T=(4-5)x109[K]: incomplete Si burning 

‣ T=(3-4)x109[K]: O burning 

‣ T=(2-3)x109[K]: C and Ne burning

➡ 56Ni, Fe-peak 

➡ Si, S, 56Ni, Ar, Ca 

➡ O, Si, S, Ar, Ca 

➡ O, Mg, Si, Ne

28Si

explosive nucleosynthesis in 20Msun star

‣ Eexp~1051erg injected around Fe core → blast wave propagation in the star 

‣ post-shock temperature: 

‣ explosive nucleosynthesis: various kinds of nuclei
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 Shock propagation: explosive nucleosynthesis
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‣ T>5x109[K]: complete Si burning 

‣ T=(4-5)x109[K]: incomplete Si burning 

‣ T=(3-4)x109[K]: O burning 

‣ T=(2-3)x109[K]: C and Ne burning

➡ 56Ni, Fe-peak 

➡ Si, S, 56Ni, Ar, Ca 

➡ O, Si, S, Ar, Ca 

➡ O, Mg, Si, Ne

28Si

explosive nucleosynthesis in 20Msun star

‣ Eexp~1051erg injected around Fe core → blast wave propagation in the star 

‣ post-shock temperature: 

‣ explosive nucleosynthesis: various kinds of nuclei

4π
3
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1051erg )
1/4
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‣ T>5x109[K]: complete Si burning 

‣ T=(4-5)x109[K]: incomplete Si burning 

‣ T=(3-4)x109[K]: O burning 

‣ T=(2-3)x109[K]: C and Ne burning

➡ 56Ni, Fe-peak 

➡ Si, S, 56Ni, Ar, Ca 

➡ O, Si, S, Ar, Ca 

➡ O, Mg, Si, Ne

28Si

explosive nucleosynthesis in 20Msun star

‣ Eexp~1051erg injected around Fe core → blast wave propagation in the star 

‣ post-shock temperature: 

‣ explosive nucleosynthesis: various kinds of nuclei

4π
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 Shock propagation: explosive nucleosynthesis
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‣ T>5x109[K]: complete Si burning 

‣ T=(4-5)x109[K]: incomplete Si burning 

‣ T=(3-4)x109[K]: O burning 

‣ T=(2-3)x109[K]: C and Ne burning

➡ 56Ni, Fe-peak 

➡ Si, S, 56Ni, Ar, Ca 

➡ O, Si, S, Ar, Ca 

➡ O, Mg, Si, Ne

28Si

explosive nucleosynthesis in 20Msun star

‣ Eexp~1051erg injected around Fe core → blast wave propagation in the star 

‣ post-shock temperature: 

‣ explosive nucleosynthesis: various kinds of nuclei

4π
3

R3arT4 ∼ Eexp ⇒ T ∼ 1010 (
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1051erg )
1/4

( R
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−3/4

[K]

 Shock propagation: explosive nucleosynthesis

m
as
s 
fr
ac

tio
n 
X i

.  
   
   
   
   
   
  

enclosed mass [Msun]

36Ar



37

‣ T>5x109[K]: complete Si burning 

‣ T=(4-5)x109[K]: incomplete Si burning 

‣ T=(3-4)x109[K]: O burning 

‣ T=(2-3)x109[K]: C and Ne burning

➡ 56Ni, Fe-peak 

➡ Si, S, 56Ni, Ar, Ca 

➡ O, Si, S, Ar, Ca 

➡ O, Mg, Si, Ne

28Si

explosive nucleosynthesis in 20Msun star

‣ Eexp~1051erg injected around Fe core → blast wave propagation in the star 

‣ post-shock temperature: 

‣ explosive nucleosynthesis: various kinds of nuclei

4π
3

R3arT4 ∼ Eexp ⇒ T ∼ 1010 (
Eexp

1051erg )
1/4

( R
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 Shock propagation: explosive nucleosynthesis
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16O

 Shock propagation: shock emergence to expansion
‣ After the shock emergence from the 
photosphere, the ejecta rapidly expands 

‣ it starts free expansion, soon after the 
breakout: v=r/t 

‣ the radial density structure well reproduced 
by a double-power law (δ=0-2, n=6-10)

density

radius

inner 
ejecta

outer 
ejecta

CSM

ρ~v-δ

ρ~r-2

r=Rcsmr=vmaxtr=vbrt

ejecta mass: Mej  
ejecta energy: Esn

CSM mass: Mcsm  
CSM radius: Rcsm

free expansion: v=r/t
ρ~v-n



Luminosity

‣ CCSN light curves (LCs): luminosity evolution determined from ejecta mass, energy, 56Ni 
mass, ejecta strudture(density/temperature/abundance profiles) 

‣ (We believe) We know how normal SNe behave (LCs+spectral evolutions)
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time
Type Ibc SN light curves (Pian&Mazzali2017) Type II SN light curves (Zampieri+2017)

Luminosity

time

H
He
C＋O

He
C＋O

C＋O

Supernova evolution



Supernova evolution

Type II SN

Type Ibc

time

time

Luminosity

Luminosity

‣ In each phase, properties of exploding 
stars can be obtained through LCs and 
spectra (+ multi-λ obs.) 
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He
C＋OC＋O

H
He
C＋O

star/ejecta 
evolution

Research 
trend

➡ SN remnant phase

Lpeak~1042erg/s

Lplateau~1042erg/s

‣pre-supernova image/activity 

‣SN shock breakout/cooling 

emission 

‣photospheric/plateau phase 

‣nebular phase
→ stellar interior, nucleosynthesis

→ explosion dynamics, stellar mass

→ explosion dynamics, stellar radii

→ progenitor properties/activities



Pre-supernova image 
Pre-supernova activity

‣ pre-supernova image: check archival 
data(HST, etc) to see if the pre-
explosion star is resolved.                          　
→ progenitor luminosity function/mass 
distribution 

‣ pre-supernova activity: check any 
possible variability/non-variability of the 
pre-explosion stars in previous transient 
surveys
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pre-SN SN post-SN

Supernova evolution

Type II SN

Type Ibc

time

time

Luminosity

Luminosity

He
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H
He
C＋O

Lpeak~1042erg/s

Lplateau~1042erg/s



SN shock breakout/cooling

‣ SN shock breakout: first EM signal from 
SNe (thermal UV, X-ray + non-thermal?) 

‣ challenging observations to catch events that 
we do not know when and where to appear 

‣ followed by shock cooling emission 

‣ information on stellar radius/environments
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AS, Maeda, Shigeyama (2016)

Erad

progenitor 
surface

shock
radiation 
 front

shockprogenitor 
surface

shock
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Supernova evolution

Type II SN

Type Ibc

time

time

Luminosity

Luminosity
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Lplateau~1042erg/s



‣ Photospheric phase: SN ejecta is still 
coupled with thermal photons. 

‣ power source is usually thermal energy + 
nuclear energy 56Ni→56Co→56Fe decay chain 

‣ evolutionary timescale = photon diffusion 

‣ expansion velocity (photospheric velocity) 
obtained from spectra 

Photospheric phase (a few 10 days)

Plateau phase(~100 days)
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tch = (
κMej

cvph )
1/2

∝ M3/4
ej E−1/4

exp

Eexp ∼
1
2

Mejv2
ph ⇔ vph ∼ (

2Eexp

Mej )
1/2

Supernova evolution
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Nebular phase

‣ Nebular phase: the whole SN ejecta is now 
decoupled from photons (optically thin).  

‣ emission lines from metals [OI], [CaII], [FeII], … 

‣ we can “see through” the ejecta
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‣ thermal energy : eventually released in the optically 
thick to thin transition of the ejecta 

‣kinetic energy : (late) shock conversion 
into thermal/non-thermal energy 

‣nuclear energy : radioactive 56Ni→56Co→56Fe (half-
lives of 6 and 77 days) 

‣compact remnant (NS spin/BH accretion): some 
energetic/exotic supernovae (e.g., broad-lined Ic SNe, 
super-luminous SNe)? 

Eth

Ekin ∼ 1051[erg]

Enuc

Energy sources of supernova lights

H
He
C＋O

→ optically thin: thermal (X-ray), non-thermal (synchrotroni/IC)  
→ optically thick: optical

→ stripped-envelope SNe

→ all types: shock breakout/shock cooling emission  
→ type IIP: plateau emission

→ gamma-ray leakage
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H
He
C＋O

→ optically thin: thermal (X-ray), non-thermal (synchrotroni/IC)  
→ optically thick: optical

→ stripped-envelope SNe

photosphere

→ all types: shock breakout/shock cooling emission  
→ type IIP: plateau emission

→ gamma-ray leakage

‣ thermal energy : eventually released in the optically 
thick to thin transition of the ejecta 

‣kinetic energy : (late) shock conversion 
into thermal/non-thermal energy 

‣nuclear energy : radioactive 56Ni→56Co→56Fe (half-
lives of 6 and 77 days) 

‣compact remnant (NS spin/BH accretion): some 
energetic/exotic supernovae (e.g., broad-lined Ic SNe, 
super-luminous SNe)? 

Eth

Ekin ∼ 1051[erg]

Enuc
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MHD/plasma

→ optically thin: thermal (X-ray), non-thermal (synchrotroni/IC)  
→ optically thick: optical

→ stripped-envelope SNe

→ all types: shock breakout/shock cooling emission  
→ type IIP: plateau emission

→ gamma-ray leakage

‣ thermal energy : eventually released in the optically 
thick to thin transition of the ejecta 

‣kinetic energy : (late) shock conversion 
into thermal/non-thermal energy 

‣nuclear energy : radioactive 56Ni→56Co→56Fe (half-
lives of 6 and 77 days) 

‣compact remnant (NS spin/BH accretion): some 
energetic/exotic supernovae (e.g., broad-lined Ic SNe, 
super-luminous SNe)? 

Eth

Ekin ∼ 1051[erg]

Enuc
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H
He
C＋O

ENi ∼ 2.3 × 1049 ( MNi

0.1M⊙ )[erg]

photosphere

→ optically thin: thermal (X-ray), non-thermal (synchrotroni/IC)  
→ optically thick: optical

→ stripped-envelope SNe

→ all types: shock breakout/shock cooling emission  
→ type IIP: plateau emission

→ gamma-ray leakage

‣ thermal energy : eventually released in the optically 
thick to thin transition of the ejecta 

‣kinetic energy : (late) shock conversion 
into thermal/non-thermal energy 

‣nuclear energy : radioactive 56Ni→56Co→56Fe (half-
lives of 6 and 77 days) 

‣compact remnant (NS spin/BH accretion): some 
energetic/exotic supernovae (e.g., broad-lined Ic SNe, 
super-luminous SNe)? 

Eth

Ekin ∼ 1051[erg]

Enuc
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H
He
C＋O

SN ejecta

unshocked ejecta
forward shock

contact surface
reverse shock

Thermal radiation

Non-thermal 
radiation leakage

central engine
(rotating NS or BH)

Rayleigh-Taylor
mixing

→ optically thin: thermal (X-ray), non-thermal (synchrotroni/IC)  
→ optically thick: optical

→ stripped-envelope SNe

→ all types: shock breakout/shock cooling emission  
→ type IIP: plateau emission

→ gamma-ray leakage

‣ thermal energy : eventually released in the optically 
thick to thin transition of the ejecta 

‣kinetic energy : (late) shock conversion 
into thermal/non-thermal energy 

‣nuclear energy : radioactive 56Ni→56Co→56Fe (half-
lives of 6 and 77 days) 

‣compact remnant (NS spin/BH accretion): some 
energetic/exotic supernovae (e.g., broad-lined Ic SNe, 
super-luminous SNe)? 

Eth

Ekin ∼ 1051[erg]

Enuc



‣ SN ejecta is still coupled with thermal photons 

‣ photons diffuse throughout the expanding 
ejecta 

‣ observed spectra characterized by a 
temperature (Blackbody-like) 

‣ ejecta dynamics (mass, velocity) and photon 
transport (diffusion/expansion) 

Photospheric phase (a few 10 days)

Plateau phase(~100 days)
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tch = (
κMej

cvexp )
1/2

∝ M3/4
ej E−1/4

exp

vexp ∼ (
2Eexp

Mej )
1/2

⇔ Eexp ∼
1
2

Mejv2
exp

Photospheric phase

Type II SN

Type Ibc

time

time

Luminosity

Luminosity

He
C＋OC＋O

H
He
C＋O

Lpeak~1042erg/s

Lplateau~1042erg/s→ characteristic time: 

→ expansion velocity:



‣ explosions of red-supergiants (RSG) with 
typical M~10Msun and R~a few100 - 1000Rsun.  

‣ Plateau emission: gradual release of the 
thermal energy in the ejecta 

‣ optically thick ⇨ thin transition by H 
recombination

51Type II-“Plateau” supernovae

He
C＋OC＋O

H
He
C＋O

H
He
C＋O

photosphere

time

Luminosity

‣ free electrons from H as a 
dominant opacity source(e--
scattering) 

‣ recombination temperature 
of Trec~6000-7000[K]

OPAL opacity, Iglesias&Rogers (1996)
104          105           106          107 

T[k]

OpacityH recombination

Lplateau~1042erg/s



‣ explosions of red-supergiants (RSG) with 
typical M~10Msun and R~a few100 - 1000Rsun. 

52Type II-“Plateau” supernovae
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time
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‣  

‣  

‣ adiabatic cooling,  

‣  

‣ on average, the expansion velocity is given by

 

‣

Rstar ∼ 700R⊙ ∼ 5 × 1013cm

T0 = (
3Eth,0

4πarR3
star )

1/4

= 7 × 105 (
Eth,0

1051erg )
1/4

( Rstar

5 × 1013cm )
−3/4

[K]

T = T0 (R/Rstar)−1

R = ( T0

Trec ) Rstar = 100Rstar ( Trec

7 × 103K )
−1

( T0

7 × 105K )

v ∼ (2Eexp/M)1/2 ∼ 3 × 103 (
Eexp

1051erg )
1/2

( M
10M⊙ )

−1/2

[km/s]

100Rstar /v ∼ 200[d] ∼ 𝒪(100d)

Lplateau~1042erg/s



‣ explosions of red-supergiants (RSG) with 
typical M~10Msun and R~a few100 - 1000Rsun. 
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C＋O

H
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photosphere

time

Luminosity

‣  

‣ adiabatic cooling,  

‣ at ,  

‣ L ~ 1049[erg]/100[days] ~ 1042[erg/s] 

‣ order of magnitude estimate 

‣ in reality, the recombination front propagate back from 
the surface to the center

Rstar ∼ 700R⊙ ∼ 5 × 1013cm

T = T0 (R/Rstar)−1

R = 100Rstar Eth = 1049erg (
Eth,0

1051erg ) ( R
100Rstar )

Lplateau~1042erg/s



‣ in reality, the recombination front propagate 
back from the surface to the center 

‣ accordingly, the thermal energy is released as 
radiation (with TBB=Trec)  

‣ type II SN spectra: temperature and doppler 
velocity (P-Cygni profile)
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‣ in reality, the recombination front propagate 
back from the surface to the center 

‣ accordingly, the thermal energy is released as 
radiation (with TBB=Trec)  

‣ type II SN spectra: temperature and doppler 
velocity (P-Cygni profile)
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‣ explosions of He or CO star with typical M~ a 
few Msun and R~ 1-10Rsun.  

‣ initial thermal energy suffers from adiabatic 
cooling (H-poor: κ～0.1cm2/g) 

‣ radioactive energy instead heats up the ejecta
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CHAPTER 3. THERMAL RADIATION 3.3. POWER SOURCES OF SUPERNOVA RADIATION

In summary, the solutions of Equations (3.3.2) are given as follows,

MNi(t) =MNi(0)e
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It is easy to check these solutions satisfy

MNi(t) +MCo(t) +MFe(t) = MNi(0), (3.3.9)

as expected.

The energy deposition rate via the radioactive decay in the form of gamma-ray and positron emission can
be described as follows,

Ėnuc =✏Ni
MNi(t)

⌧Ni
+ ✏Co

MCo(t)
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,

=
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�
MNi(0)

(3.3.10)

where ✏Ni and ✏Co are the energy generated by the decay of 56Ni and 56Co with a unit mass. These energy
deposition per unit mass can be calculated by the mass di↵erence between the parent and daughter nuclei
(mass defect),

✏Ni =(1�m56Co/m56Ni)c
2

=(1� 55.939844/55.94214)c2

=3.69⇥ 1016 erg g�1

(3.3.11)

and
✏Co =(1�m56Fe/m56Co)c

2

=(1� 55.9349393/55.939844)c2

=7.88⇥ 1016 erg g�1
,

(3.3.12)

where m56Ni, m56Co, and m56Fe are the masses of single 56Ni, 56C, 56Fe nuclei in units of the atomic mass unit
mu. The potentially available energy due to the radioactive decay is obtained by integrating Equation (3.3.10)
from t = 0 to t = 1,

Enuc =

Z 1

0
Ėnucdt = (✏Ni + ✏Co)MNi(0)

=2.3⇥ 1049erg

✓
MNi(0)

0.1M�

◆ (3.3.13)

The energy deposition rate (3.3.10) and the total deposited energy (3.3.13) are proportional to the initial mass
of 56Ni. Thus, the energy budget for the SN radiation is sensitive to how much 56Ni is produced in exploding
stars. The above naive estimation suggests that about 0.1M� of 56Ni is su�cient to explain the typical radiation
energy of a single SN. Currently, this energy source is thought to be responsible for the observed radiation
energy of SNe and the mass of 56Ni synthesized in exploding stars is supposed to be ⇠ 0.1M� for CCSNe and
⇠ 0.6M� for SNe Ia. The large 56Ni mass of SNe Ia is simply due to the abundantly available fuel (carbon and
oxygen) in massive WDs for producing radioactive nuclei. On the other hand, for CCSNe, the central iron core
ending up a compact object (NS or BH), which reduces the amount of radioactive 56Ni in the ejected material.
The luminosity of CCSNe and SNe Ia reflect the di↵erence in the average mass of synthesized 56Ni. The peak
bolometric magnitudes of these two types of SNe are typically ⇠ �17 mag for CCSNe and ⇠ �19 mag SNe Ia.
Therefore, when we randomly observe SNe on the sky, the dominant component of the detected events is SNe
Ia.

This hypothesis of SN radiation powered by radioactivity has been tested by a number of observations. The
most straightforward and convincing way to confirm the presence of radioactive nuclei is to detect gamma-ray
lines emitted by unstable nuclei. For CCSNe, gamma-ray lines from 56Co are detected from the well-known
CCSN 1987A, which was found in the small Magellanic Cloud [4]. For SNe Ia, the INTEGRAL satellite
succeeded in detecting gamma-ray lines for SN 2014J [3], which is the closest SN Ia in the last several decades

49

τNi = 8.8[d], τCo = 111[d]

Type Ibc or stripped-envelope supernovae



‣ explosions of He or CO star with typical M~ a 
few Msun and R~ 1-10Rsun.  

‣ initial thermal energy suffers from adiabatic 
cooling (H-poor: κ～0.1cm2/g) 

‣ radioactive energy instead heats up the ejecta
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CHAPTER 3. THERMAL RADIATION 3.3. POWER SOURCES OF SUPERNOVA RADIATION

In summary, the solutions of Equations (3.3.2) are given as follows,
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It is easy to check these solutions satisfy

MNi(t) +MCo(t) +MFe(t) = MNi(0), (3.3.9)

as expected.

The energy deposition rate via the radioactive decay in the form of gamma-ray and positron emission can
be described as follows,
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where ✏Ni and ✏Co are the energy generated by the decay of 56Ni and 56Co with a unit mass. These energy
deposition per unit mass can be calculated by the mass di↵erence between the parent and daughter nuclei
(mass defect),

✏Ni =(1�m56Co/m56Ni)c
2

=(1� 55.939844/55.94214)c2

=3.69⇥ 1016 erg g�1

(3.3.11)

and
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=(1� 55.9349393/55.939844)c2

=7.88⇥ 1016 erg g�1
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where m56Ni, m56Co, and m56Fe are the masses of single 56Ni, 56C, 56Fe nuclei in units of the atomic mass unit
mu. The potentially available energy due to the radioactive decay is obtained by integrating Equation (3.3.10)
from t = 0 to t = 1,

Enuc =
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=2.3⇥ 1049erg
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The energy deposition rate (3.3.10) and the total deposited energy (3.3.13) are proportional to the initial mass
of 56Ni. Thus, the energy budget for the SN radiation is sensitive to how much 56Ni is produced in exploding
stars. The above naive estimation suggests that about 0.1M� of 56Ni is su�cient to explain the typical radiation
energy of a single SN. Currently, this energy source is thought to be responsible for the observed radiation
energy of SNe and the mass of 56Ni synthesized in exploding stars is supposed to be ⇠ 0.1M� for CCSNe and
⇠ 0.6M� for SNe Ia. The large 56Ni mass of SNe Ia is simply due to the abundantly available fuel (carbon and
oxygen) in massive WDs for producing radioactive nuclei. On the other hand, for CCSNe, the central iron core
ending up a compact object (NS or BH), which reduces the amount of radioactive 56Ni in the ejected material.
The luminosity of CCSNe and SNe Ia reflect the di↵erence in the average mass of synthesized 56Ni. The peak
bolometric magnitudes of these two types of SNe are typically ⇠ �17 mag for CCSNe and ⇠ �19 mag SNe Ia.
Therefore, when we randomly observe SNe on the sky, the dominant component of the detected events is SNe
Ia.

This hypothesis of SN radiation powered by radioactivity has been tested by a number of observations. The
most straightforward and convincing way to confirm the presence of radioactive nuclei is to detect gamma-ray
lines emitted by unstable nuclei. For CCSNe, gamma-ray lines from 56Co are detected from the well-known
CCSN 1987A, which was found in the small Magellanic Cloud [4]. For SNe Ia, the INTEGRAL satellite
succeeded in detecting gamma-ray lines for SN 2014J [3], which is the closest SN Ia in the last several decades
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It is easy to check these solutions satisfy

MNi(t) +MCo(t) +MFe(t) = MNi(0), (3.3.9)

as expected.
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be described as follows,
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where ✏Ni and ✏Co are the energy generated by the decay of 56Ni and 56Co with a unit mass. These energy
deposition per unit mass can be calculated by the mass di↵erence between the parent and daughter nuclei
(mass defect),

✏Ni =(1�m56Co/m56Ni)c
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where m56Ni, m56Co, and m56Fe are the masses of single 56Ni, 56C, 56Fe nuclei in units of the atomic mass unit
mu. The potentially available energy due to the radioactive decay is obtained by integrating Equation (3.3.10)
from t = 0 to t = 1,
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The energy deposition rate (3.3.10) and the total deposited energy (3.3.13) are proportional to the initial mass
of 56Ni. Thus, the energy budget for the SN radiation is sensitive to how much 56Ni is produced in exploding
stars. The above naive estimation suggests that about 0.1M� of 56Ni is su�cient to explain the typical radiation
energy of a single SN. Currently, this energy source is thought to be responsible for the observed radiation
energy of SNe and the mass of 56Ni synthesized in exploding stars is supposed to be ⇠ 0.1M� for CCSNe and
⇠ 0.6M� for SNe Ia. The large 56Ni mass of SNe Ia is simply due to the abundantly available fuel (carbon and
oxygen) in massive WDs for producing radioactive nuclei. On the other hand, for CCSNe, the central iron core
ending up a compact object (NS or BH), which reduces the amount of radioactive 56Ni in the ejected material.
The luminosity of CCSNe and SNe Ia reflect the di↵erence in the average mass of synthesized 56Ni. The peak
bolometric magnitudes of these two types of SNe are typically ⇠ �17 mag for CCSNe and ⇠ �19 mag SNe Ia.
Therefore, when we randomly observe SNe on the sky, the dominant component of the detected events is SNe
Ia.

This hypothesis of SN radiation powered by radioactivity has been tested by a number of observations. The
most straightforward and convincing way to confirm the presence of radioactive nuclei is to detect gamma-ray
lines emitted by unstable nuclei. For CCSNe, gamma-ray lines from 56Co are detected from the well-known
CCSN 1987A, which was found in the small Magellanic Cloud [4]. For SNe Ia, the INTEGRAL satellite
succeeded in detecting gamma-ray lines for SN 2014J [3], which is the closest SN Ia in the last several decades
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where ✏Ni and ✏Co are the energy generated by the decay of 56Ni and 56Co with a unit mass. These energy
deposition per unit mass can be calculated by the mass di↵erence between the parent and daughter nuclei
(mass defect),

✏Ni =(1�m56Co/m56Ni)c
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where m56Ni, m56Co, and m56Fe are the masses of single 56Ni, 56C, 56Fe nuclei in units of the atomic mass unit
mu. The potentially available energy due to the radioactive decay is obtained by integrating Equation (3.3.10)
from t = 0 to t = 1,
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The energy deposition rate (3.3.10) and the total deposited energy (3.3.13) are proportional to the initial mass
of 56Ni. Thus, the energy budget for the SN radiation is sensitive to how much 56Ni is produced in exploding
stars. The above naive estimation suggests that about 0.1M� of 56Ni is su�cient to explain the typical radiation
energy of a single SN. Currently, this energy source is thought to be responsible for the observed radiation
energy of SNe and the mass of 56Ni synthesized in exploding stars is supposed to be ⇠ 0.1M� for CCSNe and
⇠ 0.6M� for SNe Ia. The large 56Ni mass of SNe Ia is simply due to the abundantly available fuel (carbon and
oxygen) in massive WDs for producing radioactive nuclei. On the other hand, for CCSNe, the central iron core
ending up a compact object (NS or BH), which reduces the amount of radioactive 56Ni in the ejected material.
The luminosity of CCSNe and SNe Ia reflect the di↵erence in the average mass of synthesized 56Ni. The peak
bolometric magnitudes of these two types of SNe are typically ⇠ �17 mag for CCSNe and ⇠ �19 mag SNe Ia.
Therefore, when we randomly observe SNe on the sky, the dominant component of the detected events is SNe
Ia.

This hypothesis of SN radiation powered by radioactivity has been tested by a number of observations. The
most straightforward and convincing way to confirm the presence of radioactive nuclei is to detect gamma-ray
lines emitted by unstable nuclei. For CCSNe, gamma-ray lines from 56Co are detected from the well-known
CCSN 1987A, which was found in the small Magellanic Cloud [4]. For SNe Ia, the INTEGRAL satellite
succeeded in detecting gamma-ray lines for SN 2014J [3], which is the closest SN Ia in the last several decades
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Type Ibc or stripped-envelope supernovae



‣ explosions of He or CO star with typical M~ a 
few Msun and R~ 1-10Rsun. 
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‣ explosions of He or CO star with typical M~ a 
few Msun and R~ 1-10Rsun. 
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X- and γ-ray leakage observed by Ginga

https://heasarc.gsfc.nasa.gov/docs/objects/snrs/sn1987a_lc.html
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‣ explosions of He or CO star with typical M~ a 
few Msun and R~ 1-10Rsun.  

‣ diffusion time:  

‣ expansion time:  

‣ Initially,  :  dragged by expansion 

‣ When , photons efficiently escape 
through the photosphere (peak L).  

τdiff =
R

vdiff
=

τ
c

R =
κρR2

c
∼

κM
cR

τexp =
R
v

τdiff ≪ τexp

τdiff ∼ τexp

60Type Ibc or stripped-envelope supernovae
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‣ explosions of He or CO star with typical M~ a 
few Msun and R~ 1-10Rsun. 
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‣ SN ejecta is transparent to thermal photons 

‣ radioactive tail 

‣ observed spectra show emission lines 
(nebular-like) 

‣ chemical abundance and distribution + 
doppler tomography

Photospheric phase (a few 10 days)

Plateau phase(~100 days)

62Nebular phase spectrum
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‣ SN ejecta is transparent to thermal photons 

‣ radioactive tail 

‣ observed spectra show emission lines 
(nebular-like) 

‣ chemical abundance and distribution + 
doppler tomography

Nebular phase spectrum

Jerkstrand, A. (2017)
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‣ T>5x109[K]: complete Si burning 

‣ T=(4-5)x109[K]: incomplete Si burning 

‣ T=(3-4)x109[K]: O burning 

‣ T=(2-3)x109[K]: C and Ne burning

see, Maeda (2022, arXiv 2210.00326) for more detail 

➡ 56Ni, Fe-peak 

➡ Si, S, 56Ni, Ar, Ca 

➡ O, Si, S, Ar, Ca 

➡ O, Mg, Si, Ne

28Si

explosive nucleosynthesis in 20Msun star

‣ Eexp~1051erg injected around Fe core → blast wave propagation in the star 

‣ post-shock temperature: 

‣ explosive nucleosynthesis: various kinds of nuclei

4π
3

R3arT4 ∼ Eexp ⇒ T ∼ 1010 (
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‣ T>5x109[K]: complete Si burning 

‣ T=(4-5)x109[K]: incomplete Si burning 

‣ T=(3-4)x109[K]: O burning 

‣ T=(2-3)x109[K]: C and Ne burning

see, Maeda (2022, arXiv 2210.00326) for more detail 

➡ 56Ni, Fe-peak 

➡ Si, S, 56Ni, Ar, Ca 

➡ O, Si, S, Ar, Ca 

➡ O, Mg, Si, Ne

28Si

explosive nucleosynthesis in 20Msun star

‣ Eexp~1051erg injected around Fe core → blast wave propagation in the star 

‣ post-shock temperature: 

‣ explosive nucleosynthesis: various kinds of nuclei

4π
3

R3arT4 ∼ Eexp ⇒ T ∼ 1010 (
Eexp

1051erg )
1/4

( R
108cm )
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[K]

 Shock propagation: explosive nucleosynthesis

m
as
s 
fr
ac

tio
n 
X i

.  
   
   
   
   
   
  

enclosed mass [Msun]

16O

12C



‣ SN ejecta is transparent to thermal photons 

‣ radioactive tail 

‣ observed spectra show emission lines 
(nebular-like) 

‣ chemical abundance and distribution + 
doppler tomography

66Type II-“Plateau” supernovae
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ejecta mass: Mej  
ejecta energy: Esn

CSM mass: Mcsm  
CSM radius: Rcsm

free expansion: v=r/t
ρ~v-n

density
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ejecta
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CSM
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reverse shock

forward shock

shock-powered      
           radiation

‣ SN ejecta: double power-
law: 

‣ ambient media: 
ρ =

·M
4πvwr2

ρ ∝ v−δ or v−n, v = r/t

ρr2 ≃ 5 × 1011 (
·M

10−6M⊙/yr )
× ( vw

100km/s )
−1

[g/cm]
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‣ post-shock temperature 

‣ optically thick → thermal 
optical emission
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‣ rare luminous events (e.g., type IIn SNe) 

‣ inferred mass-loss rate of 10-2-1 Msun/yr

Smith+(2007)
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‣ rare luminous events (e.g., type IIn SNe) 

‣ inferred mass-loss rate of 10-2-1 Msun/yr

Shock-powered emissionShock-powered emission
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EX

EB

Eele, ECR

shock

thick

free-free

particle acc.

MHD/plasma

Bright optical transients with CSM-interaction 5

Table 2. Photospheric radii for fully ionized hydrogen-rich
CSMs

Rph/Rcsm for Rcsm/1015cm =

Mcsm[M�] 1 2 5 10

0.1 0.815 0.565 0.183 0.0536

0.2 0.894 0.707 0.306 0.101

0.3 0.930 0.774 0.395 0.144

0.4 0.952 0.815 0.461 0.183

0.5 0.968 0.843 0.514 0.218

0.6 0.980 0.864 0.555 0.250

0.7 0.989 0.880 0.590 0.279

0.8 0.997 0.894 0.619 0.306

0.9 1.00 0.905 0.643 0.331

1.0 1.01 0.914 0.664 0.354

2.0 1.04 0.968 0.783 0.514

3.0 1.06 0.994 0.838 0.605

4.0 1.07 1.01 0.871 0.664

5.0 1.08 1.02 0.894 0.706

6.0 1.09 1.03 0.911 0.738

7.0 1.09 1.04 0.924 0.763

8.0 1.10 1.04 0.935 0.783

9.0 1.10 1.05 0.944 0.800

10 1.10 1.05 0.952 0.815

20 1.12 1.08 0.997 0.894

30 1.13 1.09 1.02 0.930

40 1.14 1.10 1.03 0.952

50 1.15 1.11 1.04 0.968

In this section, we present our numerical results. We
mainly focus on simulations with hydrogen-rich ejecta.

3.1. Dynamical evolution

Figures 1 and 2 show how the radial distributions of
some physical variables evolve with time for two cases
with Mej > Mcsm and Mej < Mcsm. In general, the
radiative shock in the CSM evolves as follows. When
the forward shock is still deeply embedded in the CSM,
the radiation produced around the shock front is well
confined in the post-shock region. Therefore, the post-
shock gas behaves as an adiabatic gas with an e↵ective
adiabatic index of 4/3. As the shock propagates in the
CSM, however, it becomes easier for radiation to dif-
fuse in the ambient gas due to the decreasing pre-shock
density. Then, the shock starts su↵ering from radiative
loss. The radiation front ahead of the shock front finally
reaches the photosphere in the CSM, above which most
photons can travel into the surrounding space without
being absorbed nor scattered. This is the so-called shock
breakout in the CSM and it happens when the photon
di↵usion velocity in the CSM exceeds the forward shock

Figure 1. Radial profiles of the density, the velocity, the gas
and radiation temperatures, and the luminosity (from top to
bottom) at t = 103, 104, 105, 106, and 107 s. The result of the
model with Mej = 10M�, Esn = 1051 erg, Mcsm = 0.1M�,
and Rcsm = 5⇥ 1015 cm is presented.

velocity. After the shock breakout, radiation in the post-
shock region can easily escape through the photosphere.
Even though photons can escape from the CSM, they
experience multiple scattering episodes after their cre-
ation until they reach the photosphere. Therefore the
photons are well thermalized and observed as thermal
emission powered by the ejecta-CSM interaction. The
thermalization e�ciency is, in fact, sensitive to the local
density of the CSM as we shall see below. The forward
shock finally emerges from the outer edge of the CSM,
at which the shock accelerates. Well after the emer-
gence, the forward shock propagates in the dilute outer
medium, where gas and radiation are only weakly cou-
pled, and thus its e�ciency to produce thermal photons
suddenly drops. The temporal evolutions of the radial

1D RHD simulations of type IIn SNe (AS, Moriya, Takiwaki 2019)



71

density

inner 
ejecta

outer 
ejecta

CSM
r=Rcsmr=vmaxtr=vbrt

reverse shock

forward shock

shock-powered      
           radiation

‣ rare luminous events (e.g., type IIn SNe) 
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1D RHD simulations of type IIn SNe (AS, Moriya, Takiwaki 2019)
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1D RHD simulations of type IIn SNe (AS, Moriya, Takiwaki 2019)



73

H
He
C＋O

Shock-powered emission
density

inner 
ejecta

outer 
ejecta

CSM

ρ~v-δ

ρ~r-2

r=Rcsmr=vmaxtr=vbrt

ejecta mass: Mej  
ejecta energy: Esn

CSM mass: Mcsm  
CSM radius: Rcsm

free expansion: v=r/t
ρ~v-n

density

inner 
ejecta

outer 
ejecta

CSM
r=Rcsmr=vmaxtr=vbrt

reverse shock

forward shock

shock-powered      
           radiation

‣ post-shock temperature 

‣ optically thin → thermal 
X-ray, synchrotron

ρV2
s ∼ ps ∼

ρkBT
μmu

+
arT4

3x

photosphere

r

r

Shock-powered emission

Ekin Eint
Eopt

EX

EB

Eele, ECR

shock

thick

free-free

particle acc.

MHD/plasma



74Shock-powered emission

Ekin Eint
Eopt

EX

EB

Eele, ECR

shock

thick

free-free

particle acc.

MHD/plasma

density

inner 
ejecta

outer 
ejecta

CSM
r=Rcsmr=vmaxtr=vbrt

reverse shock

forward shock

shock-powered      
           radiation

(Fransson, Lundqvist, Chevalier 1996)

‣ post-shock temperature can be much higher 
than optically thick case (only depends on the 
shock velocity and composition) 

‣ shock dissipation:  ρV2
s ∼ pgas =

ρkBT
μmu
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(Fransson, Lundqvist, Chevalier 1996)
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‣ post-shock temperature can be much higher 
than optically thick case (only depends on the 
shock velocity and composition) 

‣ shock dissipation:  ρV2
s ∼ pgas =

ρkBT
μmu

ρ~r-s

ρ~v-n

ρ =
·M

4πvwr2
X-ray light curves of CCSNe (Dwarkadas 2014)
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EB = ϵBEint,sh

Eele = ϵeEint,sh

‣ parameters of 
particle acceleration 

‣ shock acceleration produces non-thermal 
electrons and cosmic-rays (CRs) 

‣ non-thermal electrons in B-field emit 
synchrotron radiation 

‣ In the presence of enough target protons, CRs 
produce gamma-ray emission and neutrino 
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EB = ϵBEint,sh

Eele = ϵeEint,sh

‣ parameters of 
particle acceleration 



Supernova evolution

Type II SN

Type Ibc

time

time

Luminosity

Luminosity

‣ In each phase, properties of exploding 
stars can be obtained through LCs and 
spectra (+ multi-λ obs.) 
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Research 
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➡ SN remnant phase

Lpeak~1042erg/s

Lplateau~1042erg/s

‣pre-supernova image/activity 

‣SN shock breakout/cooling 

emission 

‣photospheric/plateau phase 

‣nebular phase
→ stellar interior, nucleosynthesis

→ explosion dynamics, stellar mass

→ explosion dynamics, stellar radii

→ progenitor properties/activities



• Introduction 

• Evolution of exploding massive stars 

• Early emission and past/recent observations 

• Progenitor and pre-supernova activities  

• Summary



‣ So far, models have assumed a freely 
expanding (spherical) fireball, v=r/t 

‣ But, R = Rstar + v(t-texp)

81Early emission as a probe of stellar radius/environment
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Fe
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Shock propagation

Shock breakout

⁵⁶Fe+γ→13⁴He+4n
⁴He+γ→2p+2n
p+e →ν+n- e

ρ =3×10¹⁴[g/c.c.]c

UV/X-ray flash

SN explosion

Optical

post shock ～0.1keV

 Shock breakout phase: first EM signal from SNe
‣ shock propagation in stellar atmosphere 

‣ shock velocity Vs vs photon diffusion c/τ 

‣ c/τ > Vs → photons start escaping 

‣ EM obs. possible only after this phase

Stellar surface

Shock front

photon path

Before shock breakout

Shock front

photon path

After shock breakout
Stellar surface

Core Core



83 Shock breakout phase: first EM signal from SNe

AS, Maeda, & Shigeyama (2016)

‣ SN 1987A progenitor: BSG with 
Rstar=50Rsun Mstar=14.6Msun
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⁵⁶Fe+γ→13⁴He+4n
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ρ =3×10¹⁴[g/c.c.]c
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 Shock breakout phase: first EM signal from SNe

AS, Maeda, & Shigeyama (2016)

‣ SN 1987A progenitor: BSG with 
Rstar=50Rsun Mstar=14.6Msun
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 Shock breakout phase: first EM signal from SNe

Matzner&McKee (1999)

‣ properties of shock breakout

392 MATZNER & MCKEE Vol. 510

aT se4 /3 \ 2o0v
s
2(breakout)/(c ] 1) :

Tse \ 5.55 ] 105A i
0.34 cm2 g~1

B~0.10Ao1
o*

B0.070

]
A Ein

1051 ergs
B0.20A Mej

10 M
_

B~0.052

]
A R*

500 R
_

B~0.54
K

A
n \ 3

2
B

, (36)

Tse \ 1.31 ] 106A i
0.34 cm2 g~1

B~0.14Ao1
o*

B0.046

]
A Ein

1051 ergs
B0.18A Mej

10 M
_

B~0.068

]
A R*

50 R
_

B~0.48
K (n \ 3) .

The energy of the radiation outburst can be estimatedEseas the thermal energy in the shock front at the time of
breakout. So, Ese ^ (aT se4 /3)[4nR*3 x0(breakout)] :

Ese \ 1.7 ] 1048A i
0.34 cm2 g~1

B~0.87Ao1
o*

B~0.086

]
A Ein

1051 ergs
B0.56A Mej

10 M
_

B~0.44

]
A R*

500 R
_

B1.74
ergs

A
n \ 3

2
B

, (37)

Ese \ 7.6 ] 1046A i
0.34 cm2 g~1

B~0.84Ao1
o*

B~0.054

]
A Ein

1051 ergs
B0.58A Mej

10 M
_

B~0.42

]
A R*

50 R
_

B1.68
ergs (n \ 3) .

The energy will be released on the di†usion time atEseshock breakout, which is also the time for the shock to
travel its width. So,

tse \ 790
A i

0.34 cm2 g~1
B~0.58Ao1

o*

B~0.28

]
A Ein

1051 ergs
B~0.79A Mej

10 M
_

B0.21

]
A R*

500 R
_

B2.16
s
A

n \ 3
2
B

, (38)

tse \ 40
A i

0.34 cm2 g~1
B~0.45Ao1

o*

B~0.18

]
A Ein

1051 ergs
B~0.72A Mej

10 M
_

B0.27

]
A R*

50 R
_

B1.90
s (n \ 3) .

However, note that the pulse will be longer than this from
the vantage of a distant observer because of the light travel
time (see, e.g., Ensman & Burrows 1992), which is 1160 s for
a star of radius or 116 s for a star of radius500 R

_
, 50 R

_
.

As a result, the observed luminosity will be typically some-
what less than Ese/tse.These formulae reproduce the energy and timescale of the
radiation outburst in the numerical simulations of Ensman
& Burrows (1992), for explosion parameters chosen to
match theirs. These formulae are also in agreement with the
analytical results of Imshennik & (1989) for SNNade! zhin
1987A, but only if we account for the fact that the shock
velocity they use is 47% faster than is given by equation (17)
for the same model, as if ! were 1.16 instead of 0.79 for the
outermost mass shells. If instead we use equations (36) and
(37), we Ðnd a value of that is 20% lower, and a value ofTsethat is 50% lower, than those of Imshennik &Ese Nade! zhin.
It is not apparent why the two shock formulae do not agree,
as their formula is taken from their simulations, and our
formula agrees with our simulations.

For the helium-star progenitors of typical Types Ib and
Ic supernovae, described by Woosley et al. (1995) and dis-
cussed in ° 5.3.2 (again, assuming that ergs), theEin \ 1051
energy associated with the outburst would be between
3 ] 1044 and 2 ] 1046 ergs, and the outburst would last
between 2 and 20 s. In making these estimates, we have
assumed that the stellar wind does not have sufficient
optical depth to support a radiation-dominated shock. For
compact progenitors with dense Wolf-Rayet winds, this
assumption may fail. In that situation, the shock-velocity
formula (eq. [17]) can be applied to the stellar wind, and
breakout quantities can be estimated at the radius for which
the wind optical depth matches The circumstellarDc/v

s
.

interaction (see, e.g., Fransson, Lundqvist, & Chevalier
1996) would then begin immediately.

6. PRESSURE-BASED MODEL FOR THE EJECTA PRESSURE

AND DENSITY DISTRIBUTIONS

We now wish to present a model that describes the dis-
tribution of all the ejecta, not just the high-velocity ejecta
discussed in ° 5. To do so, we will extend the form of the
pressure distribution inward in mass, approximating its
variation with a simple functional form. In our calculations,
the Ðnal pressure distribution is invariably the smoothest of
the hydrodynamical variables (expressed as functions of m8 ) ;
this is not surprising, since the pressure gradient is inhibited
on small scales by its ability to accelerate the material so as
to reduce its magnitude. Once we make a model for the Ðnal
pressure distribution, the Ðnal density distribution follows
immediately from the entropy left behind by the forward
shock.

To make a simple model for the Ðnal pressure distribu-
tion, we multiply the pressure distribution knownp

f
(m8 )t4,

for the high-velocity material, given in Table 3, by a simple
function of m. This has the advantage of preserving the
high-velocity behavior of the Ñow derived in ° 5, because m8
varies very little in the region of validity of this solution.
The solution found in this manner is less accurate than the
solutions of ° 5, but they have the advantage that they are
robust to variations in the progenitor structure (like the
existence of superadiabatic gradients in RSGs). They fail in
regions that experience a strong reverse shock, especially
the mantles of RSGs. However, as we discuss in ° 6.1, the
density jump between the mantle and outer envelope ejecta
can be predicted despite the formation of reverse shocks.

Multiplying the pressure distribution speciÐed in Table 3
by a simple function of mass produces our model for the
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aT se4 /3 \ 2o0v
s
2(breakout)/(c ] 1) :
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The energy of the radiation outburst can be estimatedEseas the thermal energy in the shock front at the time of
breakout. So, Ese ^ (aT se4 /3)[4nR*3 x0(breakout)] :
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The energy will be released on the di†usion time atEseshock breakout, which is also the time for the shock to
travel its width. So,

tse \ 790
A i
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However, note that the pulse will be longer than this from
the vantage of a distant observer because of the light travel
time (see, e.g., Ensman & Burrows 1992), which is 1160 s for
a star of radius or 116 s for a star of radius500 R

_
, 50 R

_
.

As a result, the observed luminosity will be typically some-
what less than Ese/tse.These formulae reproduce the energy and timescale of the
radiation outburst in the numerical simulations of Ensman
& Burrows (1992), for explosion parameters chosen to
match theirs. These formulae are also in agreement with the
analytical results of Imshennik & (1989) for SNNade! zhin
1987A, but only if we account for the fact that the shock
velocity they use is 47% faster than is given by equation (17)
for the same model, as if ! were 1.16 instead of 0.79 for the
outermost mass shells. If instead we use equations (36) and
(37), we Ðnd a value of that is 20% lower, and a value ofTsethat is 50% lower, than those of Imshennik &Ese Nade! zhin.
It is not apparent why the two shock formulae do not agree,
as their formula is taken from their simulations, and our
formula agrees with our simulations.

For the helium-star progenitors of typical Types Ib and
Ic supernovae, described by Woosley et al. (1995) and dis-
cussed in ° 5.3.2 (again, assuming that ergs), theEin \ 1051
energy associated with the outburst would be between
3 ] 1044 and 2 ] 1046 ergs, and the outburst would last
between 2 and 20 s. In making these estimates, we have
assumed that the stellar wind does not have sufficient
optical depth to support a radiation-dominated shock. For
compact progenitors with dense Wolf-Rayet winds, this
assumption may fail. In that situation, the shock-velocity
formula (eq. [17]) can be applied to the stellar wind, and
breakout quantities can be estimated at the radius for which
the wind optical depth matches The circumstellarDc/v

s
.

interaction (see, e.g., Fransson, Lundqvist, & Chevalier
1996) would then begin immediately.

6. PRESSURE-BASED MODEL FOR THE EJECTA PRESSURE

AND DENSITY DISTRIBUTIONS

We now wish to present a model that describes the dis-
tribution of all the ejecta, not just the high-velocity ejecta
discussed in ° 5. To do so, we will extend the form of the
pressure distribution inward in mass, approximating its
variation with a simple functional form. In our calculations,
the Ðnal pressure distribution is invariably the smoothest of
the hydrodynamical variables (expressed as functions of m8 ) ;
this is not surprising, since the pressure gradient is inhibited
on small scales by its ability to accelerate the material so as
to reduce its magnitude. Once we make a model for the Ðnal
pressure distribution, the Ðnal density distribution follows
immediately from the entropy left behind by the forward
shock.

To make a simple model for the Ðnal pressure distribu-
tion, we multiply the pressure distribution knownp

f
(m8 )t4,

for the high-velocity material, given in Table 3, by a simple
function of m. This has the advantage of preserving the
high-velocity behavior of the Ñow derived in ° 5, because m8
varies very little in the region of validity of this solution.
The solution found in this manner is less accurate than the
solutions of ° 5, but they have the advantage that they are
robust to variations in the progenitor structure (like the
existence of superadiabatic gradients in RSGs). They fail in
regions that experience a strong reverse shock, especially
the mantles of RSGs. However, as we discuss in ° 6.1, the
density jump between the mantle and outer envelope ejecta
can be predicted despite the formation of reverse shocks.

Multiplying the pressure distribution speciÐed in Table 3
by a simple function of mass produces our model for the
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SN II-P Light Curves with Kepler 5

Fig. 4.— Left: The Kepler light curve of KSN2011d focused on the time expected for shock breakout. The blue dots are individual Kepler
measurements and the red symbols show 3.5-hour medians of the Kepler data. An errorbar at �1.5 days indicates the 3-� uncertainty
on the median points.The green line shows the best fit photospheric model light curve. The lower panel displays the residuals between
the observations and the model fit. The thick red line is a Gaussian smoothed residual light curve using a full-width at half-maxmimum
of two hours. The dashed red lines indicate 3� deviations of the Gaussian smoothed curve. The residual at the time expected for shock
breakout is more than 5� implying that the feature is unlikely to be a random fluctuation. Right: A simulated light curve created using
the statistical properties of the Kepler photometry and the best fit photospheric model. In addition, a Nakar & Sari (2010) shock breakout
model (light green line) for an explosion energy of 2 B and radius of 490 R� is compared with both the data and simulation.

photospheric model to zero flux predicts shock breakout
at t0 = 2455873.75± 0.05 BJD which corresponds to the
time of the largest deviation from the model.
When we subtract the best fit photosphere model for

KSN2011d there remains seven Kepler photometric ob-
servations within five hours of t0 that are 3� or more
above zero (lower panel in Fig. 4). To avoid bias that
might come from dividing the data into bins, we have
smoothed the light curve residuals using a Gaussian
with a full-width at half-maximum (FWHM) of 3 hours.
There is a clear 6� peak at the time expected for breakout
and we conclude that this is, indeed, the shock breakout
from KSN2011d. The shock breakout flux is 12% of the
peak flux of the supernova, corresponding to a Kepler
magnitude of 22.3±0.2 after correcting for Milky Way
extinction.
In the Nakar & Sari (2010) shock breakout model, the

initial rise is the result of di↵usion of the shock emis-
sion before the shock reaches the stellar surface and is
only of order five minutes. This is too short a time for
even the Kepler cadence, so the rise to shock breakout
is unresolved. After shock breakout the flux decay fol-
lows a t�4/3 power-law in time until the expanding pho-
tosphere dominates the luminosity. This decay is rela-
tively slow and allows the breakout to remain detectable
for several hours. From the Nakar & Sari (2010) formu-
lation, we can estimate the ratio between the peak flux
from the shock breakout, FSB , and the maximum photo-
spheric flux, Fmax, which we approximate as the bright-
ness 10 days after explosion. Using the ratio between
the shock peak and photosphere maximum is particu-
larly useful since it eliminates the uncertainty caused by
distance and dust extinction. In the rest-frame optical
(5500Å) the flux ratio is

FSB/Fmax = 0.25 M0.54
15

R0.73
500

E�0.64
51

(1)

where M15 is the progenitor mass in units of 15 M�, R500

is the progenitor radius in units of 500 R�, and E51 is
the explosion energy in units of 1051 erg. So we expect
the shock breakout in a typical RSG to peak at about
25% of visual brightness of the supernova at maximum.
Applying the Nakar & Sari (2010) model to KSN2011d

(radius of 490 R�, energy of 2 B and a progenitor mass of
15 M�), predicts a breakout temperature of 2⇥105 �K,
and equation 1 gives FSB/Fmax = 0.16, meaning the
shock should be 2 mag fainter in the optical than the
supernova at maximum. The Kepler 30 minute cadence
will smooth the sharp peak of the breakout and lower
the maximum by 20% so we expect the ratio to be
FSB/Fmax = 0.13. The excess flux seen in Fig. 4 peaks
at a relative flux of 0.12±0.2 and is consistent with the
Nakar & Sari (2010) prediction.
We use a blackbody spectrum to extrapolate the shock

breakout flux down to the optical and this is likely a poor
approximation. So it is surprising that the semi-analytic
model of Nakar & Sari (2010) works so well in matching
the observed breakout. Tominaga et al. (2011) calcu-
lated realistic spectra at breakout for a variety of RSG
models. While color temperatures and integrated lumi-
nosities varied greatly, the peak optical flux at break-
out was fairly consistent: between 2 ⇥ 1037 to 1⇥1038

erg s�1 Å�1, corresponding to absolute magnitudes be-
tween �14.2 and �15.9 mag. The Tominaga et al. (2011)
model for a 15 M�, 1 B and 500 R� RSG predicts a peak
at MKp = �14.4 9 mag. Doubling the explosion energy
would brighten the breakout by about 0.2 mag, yield-
ing a luminosity of MKp = �14.6 mag. The observed
shock breakout from KSN2011d is MKp = �15.6 ± 0.3
mag (after correction for Milky Way extinction; assum-

9 Kp⇡ 0.2g + 0.8r where g and r are SDSS magnitudes (Kepler
Calibration webpage)
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Fig. 1.— The Kepler light curves of KSN 2011a (top) and
KSN 2011d (bottom). The blue points are magnitudes estimated
from the standard Kepler 30-minute cadence while the large red
symbols show 1-day medians. The small symbols connected by a
line display the light curve of the proto-typical type IIP SN 1999gi
(Leonard et al. 2002) after correction to the redshift of the Ke-
pler events. The initial rise of KSN2011a is clearly faster than
KSN2011d based on the number of red points (1-day median) be-
fore maximum light.

ture are easier to detect than their smaller cousins. Still,
it may be that progenitors of SNIIP are more compact
than thought, or circumstellar interaction makes the rise
time appear shorter than expected.
Here, we present Kepler Space Telescope observations

of two SNIIP candidates. The light curves begin be-
fore explosion and were obtained with unprecedented 30-
minute cadence and good photometric precision. While
these Kepler observations have several advantages over
other studies of SNIIP, the red-sensitive Kepler band-
pass is not ideal for detecting shock breakout radiation.
Further, the way Kepler data was taken made it di�cult
to study transient events in “real time”, so little is known
about these supernovae other than their exquisite light
curves which are analyzed in their entirety by Tucker et
al. (2016).

2. OBSERVATIONS

While the primary goal of the Kepler Mission (Haas et
al. 2010) was to find and study extra-solar planets, it also
provided nearly continuous observations of many galax-
ies. Several Kepler guest observer projects monitored
about 500 galaxies at 30-min cadence to look for bright-
ness variations in their centers indicative of an active
galactic nucleus or to specifically search for supernovae.
Targets were selected from the 2MASS extended source
catalog (NASA/IPAC IRSA) and the NASA/IPAC Ex-
tragalactic Database (NED) . Typically, galaxies were
monitored for two to three years leading to the discov-
ery of three type Ia supernovae (Olling et al. 2015), one

probable type IIn event (Garnavich et al. 2016), and the
supernovae presented here. Unfortunately the timescale
for release of Kepler data meant that follow-up of the
events was not possible from ground-based observato-
ries. We did obtain spectra of the host galaxies which
provide redshifts of the supernovae and information on
the environment around the progenitors (Tucker et al.
2016).
On a timescale of minutes to hours, Kepler provides

photometric precision of a few parts in a million for
bright sources. However, on longer timescales, various
systematic e↵ects considerably reduce the precision of
the standard Kepler products. For example, the Kepler
observations were organized in three-month segments la-
beled quarters Q0 to Q16. Each quarter the spacecraft
rotated to keep the Sun on the Solar panels resulting in
the targets shifting to di↵erent detectors. About once per
month, the spacecraft goes through a pointing maneuver
to downlink the data to Earth. Significant sensitivity
variations in the pipeline light curves after re-pointing
maneuvers are removed through special processing. De-
tails of our Kepler reduction procedures can be found in
Olling et al. (2015); Shaya et al. (2015).

3. LIGHT CURVES

KSN 2011a was discovered in the galaxy KIC8480662
which is a bright 2MASS galaxy at a redshift of z = 0.051
(Tucker et al. 2016). The Kepler light curve shows a fast
rise, a broad maximum followed by a long plateau (see
Fig. 1). Finally there is a rapid decay followed by an
exponential decline. The light curve is characteristic of
SNIIP.
KSN 2011d was discovered in the galaxy KIC10649106

which is also a 2MASS cataloged galaxy at a redshift of
z = 0.087 (Tucker et al. 2016). Its light curve also shows
a fast rise, a broad maximum and then a slow decay
before falling o↵ the “plateau” after 130 days. KSN2011d
appears to fade faster on the plateau than KSN2011a,
but part of that can be attributed to the higher redshift
which means the bandpass contains bluer light that fades
more quickly in SNIIP. A detailed analysis of the full light
curves can be found in Tucker et al. (2016).
These Kepler supernovae light curves are very similar

to several well-observed SNIIP events such as SN1999em
(Suntze↵, private com.), SN1999gi (Leonard et al. 2002)
and SN2012aw (Bose et al. 2013). The Kepler super-
novae are at significantly higher redshifts than these lo-
cal events, so k-corrections are important, but there is
no color information for the Kepler events. Therefore,
we use the BV RI magnitudes of the nearby supernovae
to correct them to the Kepler observed frame.
For the nearby supernovae we create a spectral energy

distribution (SED) for each epoch observed in multiple
filters. Missing filters are interpolated from adjacent
epochs. The SEDs are corrected for Milky Way extinc-
tion using Schlafly & Finkbeiner (2011). The SED is
corrected to the redshift of the Kepler events, convolved
with the Kepler bandpass and the result is integrated to
give the total photon flux. The result is also reddened
to match the Milky Way extinction in the direction of
the Kepler supernova. Kepler magnitudes are in the AB
system, so the Kepler bandpass is convolved with a spec-
trum with constant F⌫ = 3631 Jy and integrated to de-
termine the magnitude zeropoint.

SN breakout emission?  
in SNe observed by  
Kepler satellite 
(Garnavich+2019)
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moment of the shock emergence. When the optical depth from
the shock front to the stellar surface is still large ( = ´t 5.5 103

s), the radiation and gas are in equilibrium and the mixture
behaves as a single fiuid. However, as the shock front
approaches the surface, the density at the shock front becomes
smaller and thus the time required to maintain the equilibrium

between radiation and gas becomes longer. As a result, the
inefflcient conversion of the internal energy of the shocked gas
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101 Shock breakout light curves

large  
asphericity

small  
asphericity

‣ aspherical shock? 

‣ when the shock is aspherical, the shock 
breakout LCs can be quite different from 
the spherical case (AS&Shigeyama 2010) 

‣ 2D RHD simulations for bipolar explosions 
of SN 1987A BSG progenitor (AS, Maeda, 
Shigeyama 2016) 

‣ shock breakout light curve as a probe of 
explosion geometry
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with dense CSM

without CSM

 Shock breakout and circum-stellar materials

‣ Circum-stellar material/medium (CSM): 
gas surrounding the star 

‣ SN 2013fs: “typical” type IIP SN 

‣ early spectra (t<a few days) show “narrow” 
emission lines instead of “broad” P-Cygni 
profiles 

‣ This indicates the presence of dense/
massive CSM surrounding the RSG 
progenitor, but only in the vicinity
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‣ Circum-stellar material/medium (CSM): 
gas surrounding the star 

‣ SN 2013fs: “typical” type IIP SN 

‣ early spectra (t<a few days) show “narrow” 
emission lines instead of “broad” P-Cygni 
profiles 

‣ This indicates the presence of dense/
massive CSM surrounding the RSG 
progenitor, but only in the vicinity

 Shock breakout and circum-stellar materials

optical light curve and spectra of type IIP SN 2013fs 
(Yaron+2017)
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‣ Circum-stellar material/medium (CSM): 
gas surrounding the star 

‣ SN 2013fs: “typical” type IIP SN 

‣ early spectra (t<a few days) show “narrow” 
emission lines instead of “broad” P-Cygni 
profiles 

‣ This indicates the presence of dense/
massive CSM surrounding the RSG 
progenitor, but only in the vicinity

optical light curve and spectra of type IIP SN 2013fs 
(Yaron+2017)

later epochs

early epochs

 Shock breakout and circum-stellar materials
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‣ Circum-stellar material/medium (CSM): 
gas surrounding the star 

‣ SN 2013fs: “typical” type IIP SN 

‣ early spectra (t<a few days) show “narrow” 
emission lines instead of “broad” P-Cygni 
profiles 

‣ This indicates the presence of dense/
massive CSM surrounding the RSG 
progenitor, but only in the vicinity

 Shock breakout and circum-stellar materials

density

radius [cm]1014 1015 1016

with dense CSM

CSM density structure inferred from SN 2013fs 
(Yaron+2017)

M=10-2Msun/yr 
M=10-3Msun/yr 
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‣ Circum-stellar material/medium (CSM): 
gas surrounding the star 

‣ SN 2013fs: “typical” type IIP SN 

‣ early spectra (t<a few days) show “narrow” 
emission lines instead of “broad” P-Cygni 
profiles 

‣ This indicates the presence of dense/
massive CSM surrounding the RSG 
progenitor, but only in the vicinity 

‣ confined CSM is more normal (>80%)?

 Shock breakout and circum-stellar materials

Förster+2018, Nature Astronomy
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‣ Type II SNe: an exploding RSG with massive 
H-rich envelope 

‣ 1st report by K. Itagaki(2023/05/19/17:27 
UTC) 

‣ host galaxy M101: D=6.9Mpc, m-M=29.05 
(Riess+ 2022) 

‣ The nearest CCSN in the last 10 years: 
abundant data available (pre-explosion/
post-explosion, light curve, spectra, 
polarization)

star-forming galaxy M101 and SN 2023ixf  
(Hosseinzadeh+2023)

Type-II SNe and SN 2023ixf in M101

https://ui.adsabs.harvard.edu/abs/2023ApJ...953L..16H/
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‣ Type II SNe: an exploding RSG with massive 
H-rich envelope 

‣ 1st report by K. Itagaki(2023/05/19/17:27 
UTC) 

‣ host galaxy M101: D=6.9Mpc, m-M=29.05 
(Riess+ 2022) 

‣ The nearest CCSN in the last 10 years: 
abundant data available (pre-explosion/
post-explosion, light curve, spectra, 
polarization)

Early emission from SN 2023ixf (Jacobson-Galan+(2023))

Type-II SNe and SN 2023ixf in M101

https://ui.adsabs.harvard.edu/abs/2023ApJ...954L..42J/abstract
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‣ Type II SNe: an exploding RSG with massive 
H-rich envelope 

‣ Despite the proximity, neutrino/GW 
detection is difficult…

Multi-messenger signals

https://ui.adsabs.harvard.edu/abs/2022ApJ...938...35M/abstract
Detection probability of SN neutrino (Mori+ 2022)
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‣ Light curve modelings suggest an explosion 
of RSG with 10Msun ejecta and 
Eexp=0.5-2[B] 

‣ enhanced mass-loss episodes in the last 
~10 years: ~10-3-10-1Msun/yr (or more) is 
needed for LC modeling (vwind~50-100km/s) 

‣ spectral modelings also require similar 
mass-loss rate (10-3-10-2Msun/yr)

EM obs. and modelings of SN 2023ixf

e.g., Bersten+(2023) Moriya+(2024)

e.g. Hiramatsu+(2023), Martinez+(2024), Moriya+(2024), 

e.g., Jacobson-Galan+(2023), Bostroem+(2024) 

Early light curve of SN 2023ixf (Jacobson-Galan+(2023))

https://ui.adsabs.harvard.edu/abs/2024A&A...681L..18B/abstract
https://ui.adsabs.harvard.edu/abs/2024arXiv240600928M/abstract
https://ui.adsabs.harvard.edu/abs/2023ApJ...955L...8H/abstract
https://ui.adsabs.harvard.edu/abs/2024A&A...683A.154M/abstract
https://ui.adsabs.harvard.edu/abs/2024arXiv240600928M/abstract
https://ui.adsabs.harvard.edu/abs/2023ApJ...954L..42J/abstract
https://ui.adsabs.harvard.edu/abs/2023ApJ...956L...5B/abstract
https://ui.adsabs.harvard.edu/abs/2023ApJ...954L..42J/abstract
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‣ Light curve modelings suggest an explosion 
of RSG with 10Msun ejecta and 
Eexp=0.5-2[B] 

‣ enhanced mass-loss episodes in the last 
~10 years: ~10-3-10-1Msun/yr (or more) is 
needed for LC modeling (vwind~50-100km/s) 

‣ spectral modelings also require similar 
mass-loss rate (10-3-10-2Msun/yr)

EM obs. and modelings of SN 2023ixf

e.g., Bersten+(2023) Moriya+(2024)

e.g. Hiramatsu+(2023), Martinez+(2024), Moriya+(2024), 

e.g., Jacobson-Galan+(2023), Bostroem+(2024) 

Light curve of SN 2023ixf (Hsu+2024)

UV spectra of SN 2023ixf (Boestrom+2024)

https://ui.adsabs.harvard.edu/abs/2024A&A...681L..18B/abstract
https://ui.adsabs.harvard.edu/abs/2024arXiv240600928M/abstract
https://ui.adsabs.harvard.edu/abs/2023ApJ...955L...8H/abstract
https://ui.adsabs.harvard.edu/abs/2024A&A...683A.154M/abstract
https://ui.adsabs.harvard.edu/abs/2024arXiv240600928M/abstract
https://ui.adsabs.harvard.edu/abs/2023ApJ...954L..42J/abstract
https://ui.adsabs.harvard.edu/abs/2023ApJ...956L...5B/abstract
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‣ Light curve modelings suggest an explosion 
of RSG with 10Msun ejecta and 
Eexp=0.5-2[B] 

‣ enhanced mass-loss episodes in the last 
~10 years: ~10-3-10-1Msun/yr (or more) is 
needed for LC modeling (vwind~50-100km/s) 

‣ spectral modelings also require similar 
mass-loss rate (10-3-10-2Msun/yr)

e.g., Bersten+(2023) Moriya+(2024)

e.g. Hiramatsu+(2023), Martinez+(2024), Moriya+(2024), 

e.g., Jacobson-Galan+(2023), Bostroem+(2024) 

Early spectra of SN 2023ixf (Jacobson-Galan+(2023))

EM obs. and modelings of SN 2023ixf

https://ui.adsabs.harvard.edu/abs/2024A&A...681L..18B/abstract
https://ui.adsabs.harvard.edu/abs/2024arXiv240600928M/abstract
https://ui.adsabs.harvard.edu/abs/2023ApJ...955L...8H/abstract
https://ui.adsabs.harvard.edu/abs/2024A&A...683A.154M/abstract
https://ui.adsabs.harvard.edu/abs/2024arXiv240600928M/abstract
https://ui.adsabs.harvard.edu/abs/2023ApJ...954L..42J/abstract
https://ui.adsabs.harvard.edu/abs/2023ApJ...956L...5B/abstract
https://ui.adsabs.harvard.edu/abs/2023ApJ...954L..42J/abstract
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‣ Light curve modelings suggest an explosion 
of RSG with 10Msun ejecta and 
Eexp=0.5-2[B] 

‣ enhanced mass-loss episodes in the last 
~10 years: ~10-3-10-1Msun/yr (or more) is 
needed for LC modeling (vwind~50-100km/s) 

‣ spectral modelings also require similar 
mass-loss rate (10-3-10-2Msun/yr)

e.g., Bersten+(2023) Moriya+(2024)

e.g. Hiramatsu+(2023), Martinez+(2024), Moriya+(2024), 

e.g., Jacobson-Galan+(2023), Bostroem+(2024) 

Early spectra of SN 2023ixf (Jacobson-Galan+(2023))

(Chugai 2001; Dessart et al. 2009; Huang & Chevalier 2018).
However, it should be noted that, at these phases, there could
be radiative acceleration of the CSM that causes the width of
the narrow component to be larger than the true velocity of the
progenitor wind (Dessart et al. 2015; Tsuna et al. 2023).

SN 2023ixf may be the first SN to exhibit a rapid rise in
ionization between the first and second spectrum as shown in
Figure 2. This is caused initially by the shock breakout pulse and
later on by the incoming radiation from the embedded shock.
This is witnessed here with the presence of lines of moderately
ionized species (i.e., lines of He I or N III) and a moderately blue
color at δt= 1.1 days. At δt= 2.4 days, the SN 2023ixf spectrum
is much bluer, the lines of He I λλλ 5875, 6678, and 7065 have
weakened or disappeared, and the spectrum exhibits instead lines
of C IV (λ5808) and He II (λ4686). Furthermore, there is
emission from N V λ4604 to 4620 contributing at the wave-
lengths bluewards of the He II λ4686 line, consistent with
heightened ionization at these phases.

The narrow, symmetric line profiles with Lorentzian wings
caused by electron-scattering (i.e., IIn-like) continue to persist
in SN 2023ixf for the first week of the SN evolution. Then, in
the +5.48 and +6.36 days spectra, the He II emission begins to
fade (Figure 4), and the SN develops a broad absorption profile
in all Balmer transitions, indicating the escape of photons from
the fast-moving ejecta and a decrease in CSM density. We
therefore define the duration of the IIn-like line profiles as the
transition point at which the optical depth to electron-scattering
has dropped enough to see the emerging fast-moving SN ejecta.
For SN 2023ixf, we estimate that this change occurs at tIIn≈ 8
days, which is reflective of the disappearance of the electron-
scattering wings in the He II emission line and the development

of broad absorption profiles at Balmer series wavelengths. This
indicates that the photosphere is first located in the unshocked
CSM (far above the shock), then in the swept up material
present in the fast-moving dense shell (i.e., shocked CSM), and
then in the fastest moving SN ejecta below the dense shell.
Based on the T> 10 keV X-ray spectrum of SN 2023ixf
(Grefenstette et al. 2023), there is sufficiently high temperatures
for He II to exist, so the decrease in line strength can be
attributed to a reduction in particle density as the shock samples
CSM at r> 1015 cm. As shown in Figure 4, the bluest edge of
the Hα and Hβ line profiles corresponds to velocities of
∼8500 km s−1, which provides a lower limit on the velocities
of the fastest moving H-rich material at the shock front. By two
weeks post-explosion, the SN spectra is composed of broad H I
absorption profiles, similar to other young SNe II.
The duration of the IIn-like signatures in SN 2023ixf is

consistent with other CSM-interacting SNe II with enhanced
progenitor mass-loss rates of  M M10 2> - yr−1 (Figure 3). In
Figure 3, we present peak absolute magnitudes with respect to
IIn profile duration for all gold sample CSM-interacting SNe II
analyzed in W. V. Jacobson-Galán et al. (2023, in preparation).
Intriguingly, there exists a natural trend between peak bright-
ness and IIn-like profile duration among these events, which is
reflective of a continuum of progenitor mass-loss rate and CSM
extent. The observed tIIn in SN 2023ixf is most similar to SNe
2017ahn, 2018zd, 2020pni, 2020tlf, and 2022ffg, but is not as
large as that observed in 2020tlf, 2021tyw, or 2022pgf, likely
due to a more extended dense CSM in those objects.
Furthermore, the evolution of SN 2023ixf is unlike other
CSM-interacting SNe II with tIIn< 5 days post-explosion (e.g.,
SNe 2013fs or 2014G), which do not show N emission lines at

Figure 4. (a) Hα velocity evolution in SN 2023ixf from δt = 2.4 to 14.4 days with respect to r1w6b model spectra (red), which has been scaled to the emission line
peaks of SN 2023ixf and smoothed with a Gaussian filter to better compare with the data. Early time spectral profiles are shaped by electron-scattering in the dense
CSM. The transition shown from black to blue lines (tIIn ≈ 8 days) marks the emergence of broad absorption features derived from the fastest moving SN ejecta. (b)
Hβ velocity evolution, also showing that the electron-scattering line profiles subside after ∼8 days. (c) He II λ4686 velocity evolution reveals that the electron-
scattering profile fades by ∼8 days, suggesting a significant decrease in CSM density.
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https://ui.adsabs.harvard.edu/abs/2024A&A...681L..18B/abstract
https://ui.adsabs.harvard.edu/abs/2024arXiv240600928M/abstract
https://ui.adsabs.harvard.edu/abs/2023ApJ...955L...8H/abstract
https://ui.adsabs.harvard.edu/abs/2024A&A...683A.154M/abstract
https://ui.adsabs.harvard.edu/abs/2024arXiv240600928M/abstract
https://ui.adsabs.harvard.edu/abs/2023ApJ...954L..42J/abstract
https://ui.adsabs.harvard.edu/abs/2023ApJ...956L...5B/abstract
https://ui.adsabs.harvard.edu/abs/2023ApJ...954L..42J/abstract
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‣ X-ray: free-free emission.  

‣ possible Fe line detection 

‣ evolution of column density NH indicates a 
mass-loss rate of 2.5x10-4[Msun/yr] at 4 
days  

‣ inconsistent with optical data?

NuSTAR X-ray spectra from SN 2023ixf (Grefenstette+ 2023)

4 days

11 days

observation 934 taken in 2000 for an exposure of 98 ks, and
found the background flux within 20″ of the supernova location
to be ∼1.5× 10−14 erg cm−2 s−1 in the 0.3–10 keV energy
range. We are therefore confident that the supernova emission
dominates the Swift/XRT flux during these observations.

4. Discussion

4.1. Evolution of the Supernova Emission

The early-time X-ray flux from SN 2023ixf is typical of
other Type II supernovae. However, the large absorption
column in Epoch I makes it difficult to compare with other
supernovae that are relatively unabsorbed. To account for this,
we compute an unabsorbed flux by changing the model
definition to tbabs(cflux ∗ nlapec+ Gauss). The
cflux component measures the intrinsic flux in the under-
lying continuum. Table 3 provides the resulting flux in the
0.3–10 and 10–79 keV bands. For a distance of 6.9 Mpc, this
results in a large intrinsic 0.3–79 keV luminosity of
∼1040 erg s−1 in both epochs.

The primary difference between the two NuSTAR epochs is
the dramatic reduction in the absorbing column. The intrinsic
spectrum does not appear to vary much between Epoch I and
Epoch II, with the luminosity in the hard (10–79 keV) band
staying effectively constant. The large uncertainties in the soft
band luminosity due to the poorly constrained NHint are
consistent with the X-ray source emerging from behind
absorbing material.

4.2. Forward Shock Velocity and Plasma Temperature

We assume that the material producing the X-rays has been
heated by the shock from the supernova explosion. The
temperature of the emission can be used to infer the velocity of
the shock. Using the formalism of Fransson et al. (1996) as in
Brethauer et al. (2022),

( )m» ´T v2.27 10 K, 19
4
2

where μ is the mean molecular weight of the shocked medium
(here assumed to be 0.61 for solar-like, ionized material with
equipartition between electrons and ions). For Epoch I, the
NuSTAR spectra can only place a lower limit on the electron
temperature due to the limited signal to noise at high energies. In
Epoch II, the NuSTAR spectra can constrain the temperature to
be ≈35 keV, which corresponds to a velocity of ∼5400 km s−1.
We take this as an order of magnitude estimate for the actual
shock velocity, consistent with other supernova shocks.

However, we have explicitly assumed that the electrons and
ions reach equipartition, which may not be correct. We measure

the electron temperature Te from the spectra. The timescale for
energy transfer from ions to electrons is as follows (from
Equation (26) of Chevalier & Fransson 2006):

⎜ ⎟⎛⎝ ⎞⎠ ⎛⎝ ⎞⎠
( )

( )

( )

h
r

=
´

L

»
´

-

-

-

-

t Z
T

T

4.2 10
ln

0.8 d
25 keV

9.8 10
g cm

, 2

e i
e

e

22 3 2

3 2 16

3

where η= 1 for H and η= 4/Z for heavier elements of charge
Z; ( )L »ln 30 is the Coulomb logarithm, and we have
normalized the equation to the values that apply to our first
NuSTAR epoch.
Based on this result, complete electron–ion (e–i) equiparti-

tion is unlikely even at the time of our first NuSTAR epoch, as
te−i is comparable to the time of our first NuSTAR epoch. For
the second NuSTAR epoch at δt≈ 11 days the density is lower
and we derive te−i≈ 8 days: complete e–i equipartition is
questionable. We can reverse this argument and calculate the
minimum electron temperature at a particular time and density
and compare this value to our constraint. Doing so we obtain a
minimum electron temperature of ≈60 keV (35 keV) at the
time of our first (second) NuSTAR epoch. Our high electron
temperatures are therefore consistent with typical supernova
shock velocities of ∼104 km s−1 (Fransson et al. 1996).

4.3. Origin of the Early Fe Emission and the Density of
the CSM

In the first epoch, the Fe line is consistent with neutral Fe Kα
emission that is not broadened. This line therefore appears to be
related to neutral (cold) Fe emission, rather than from shock-
heated plasma. This is consistent with reprocessing of the
X-ray emission in cold, circumstellar material responsible for
the high absorption column. This is similar to the early neutral
Fe lines observed in SN 2010jl (Chandra et al. 2012), which
was associated with a clumpy circumstellar material.
To test this, we adopt a model with a power-law

representation of the intrinsic spectrum absorbed by a neutral,
spherically distributed medium. This model (Brightman &
Nandra 2011) includes the reemission of the neutral lines self-
consistently as well as the effects of Compton scattering in the
surrounding medium. We find that the first epoch spectrum can
be reasonably fit with the same NHint as in the baseline model.
We can use these measurements of the absorbing material to

estimate the pre-supernova mass-loss rate for the star.
Assuming a shock velocity of 15,000 km s−1 places the
forward shock at R1∼ 5.7× 1014 cm 4.4 days after the
explosion and at R2≈ 1.4× 1015 cm at 11 days. The fast

Table 3
Computed Values

Epoch EM Flux 0.3–10 keV Lum 0.3–10 keV Flux 10–79 keV Lum 10–79 keV
(cm−3) (erg cm−2 s−1) (erg s−1) (erg cm−2 s−1) (erg s−1)

Epoch I 6.0 ± 0.7 × 1062 5.9 ± 0.3 × 10−13 0.34 ± 0.02 × 1040 3.4 ´-
+ -101.3

0.2 12 1.9 ´-
+ 100.7

0.1 40

Epoch Ia L 1.7 ´-
+ -100.1

0.7 12 1.0 ´-
+ 100.05

0.34 40 3.5 ´-
+ -101

0.3 12 2.0 ´-
+ 100.7

0.2 40

Epoch II 7.5 ´-
+ 100.5

0.9 62 1.44 ± 0.08 ×10−12 0.82 ± 0.05 × 1040 3.5 ± 0.9 × 10−12 2 ± 0.5 × 1040

Epoch IIa L 2.5 ± 0.3 × 10−12 1.4 ± 0.2 × 1040 3.5 ± 0.9 × 10−12 2 ± 0.5 × 1040

Notes. Uncertainties indicate the 90% confidence intervals based on the MCMC run. Distance is assumed to be 6.9 Mpc.
a Deabsorbed values.
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In XSPEC, our model is tbabs(nlapec+Gauss). Here
the tbabs component accounts for both Galactic absorption
along this line of sight and intrinsic absorption in the source.
The Galactic component is low enough5 (8 × 1020 cm−2) that
we neglect it in the discussion below. Below we adopt NHint to
refer to the intrinsic absorbing material in the SN. The nlapec
model is a “no-line,” or continuum-only, emission from a
collisionally ionized gas. We use this to approximate the
bremsstrahlung continuum emission.

To estimate the uncertainties on the fit parameters we use the
Markov Chain Monte Carlo (MCMC) method (emcee;
Foreman-Mackey et al. 2013) as implemented in XSPEC to
estimate 90% confidence intervals for all parameters. Table 2
provides the best-fit parameters and their confidence intervals.

3.2. Swift/XRT Observations

For the Swift data, while the supernova is not detected in the full
0.3–10 keV band in a stack of the first 25 observations that span
6 days with a total exposure time of 36.6 ks, it is detected in the

2–10 keV band with a count rate of ´-
+ -7.7 102.1

2.4 4 counts s−1.
We fit the stacked spectrum with our fiducial model fixing
all parameters to the NuSTAR Epoch I values, using a
multiplicative constant to allow for flux variability. We find an
observed 0.3–10 keV flux of ´-

+ -6.6 106.6
10 14 erg cm−2 s−1,

≈9× lower than measured by NuSTAR during Epoch I,
implying some X-ray flux evolution. If we limit our analysis to
the six observations that occurred during the NuSTAR Epoch I
observation, the observed 0.3–10 keV flux is ´-

+ -3.4 102.5
2.9 13

erg cm−2 s−1, which is consistent with the NuSTAR Epoch I
flux extrapolated into this band. Unfortunately there were no
Swift/X-ray Telescope (XRT) observations that took place during
NuSTAR Epoch II so we cannot repeat our analysis for that
observation.
No source is listed at the position of the supernova in the

Chandra Source Catalog (CSC2; Evans et al. 2010), and
the sensitivity of the Chandra observations at the position of the
supernova is listed by CSC2 as 8× 10−16 erg cm−2 s−1 in the
0.5–8 keV band and 1.2× 10−15 erg cm−2 s−1 in the 2–8 keV
band, well below the NuSTAR and Swift/XRT fluxes. We
examined the deepest archival Chandra image of the region,

Figure 2. (Top) The background-subtracted spectrum for Epoch I (δt ≈ 4 days, black) and Epoch II (δt ≈ 11 days, red) showing the best-fit model (solid lines) and
the Gaussian component (dotted lines) demonstrating the spectral evolution of the source. (Bottom) Residuals to the best-fit model.

Table 2
Spectral Fits for tbabs(nlapec+Gauss)

Epoch NHint
a kT (keV) Normb Line (keV) Width (keV) Normc Wstat/dof

Epoch I 26-
+

7
5 >25 1.06 ± 0.13 6.45 ± 0.08 <0.2 6.6 ± 2 888/843

Epoch II 5.6 ± 2.7 -
+34 12

22 1.3-
+

0.1
0.2 6.57 ± 0.17 0.45 ± 0.2 14 ± 5 892/842

Note. Uncertainties indicate the 90% confidence intervals based on the MCMC run.
a 1022 atoms cm−2.
b nlapec normalization [10−3].
c 10−6 ph cm−2 s−1; frozen since the line is narrower than the energy resolution of the NuSTAR detectors.

5 https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3nh/w3nh.pl
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‣ X-ray: free-free emission.  

‣ possible Fe line detection 

‣ evolution of column density NH indicates a 
mass-loss rate of 2.5x10-4[Msun/yr] at 4 
days  

‣ inconsistent with optical data?

X-ray observations of SN 2023ixf (Nayana+ 2024)

EM obs. and modelings of SN 2023ixf
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‣ radio: synchrotron emission 

‣ early non-detection: optically thick or low 
density?

Early radio upper limits on SN 2023ixf (Burger+ 2023)

EM obs. and modelings of SN 2023ixf
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‣ radio: synchrotron emission 

‣ early non-detection: optically thick or low 
density? 

‣ optically thick/thin at low/high frequency 

‣ turn over frequency gives CSM density → 
estimate for mass-loss rate

Later radio detections of SN 2023ixf (Nayana+ 2023)

EM obs. and modelings of SN 2023ixf

ρ =
·M

4πvwr2
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‣ inferred CSM density structure 

‣ simultaneous optical and X-ray obs. 
suggest different CSM density 

‣ X-rays cannot escape from dense CSM 
inferred from optical obs. 

‣ spatially distinct emitting regions? 

‣ CSM could be aspherical  

‣ bipolar? disk-like? clumpy?

CSM structure inferred from SN 2023ixf (Nayana+ 2024)

EM obs. and modelings of SN 2023ixf
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‣ 2D rad-hydro simulation: similar simulation 
code as Suzuki+(2019) 

‣ 18Msun RSG (Z=0.014, Rpresn=1070Rsun, 
Mpresn=12.6Msun), MNS=1.4Msun  

‣ Eexp=1.0x1051erg, MNi=0.05Msun  

‣ ρ∝r-2 CSM with cut-off at r=Rcsm  

‣ 12 species: H,He,C,N,O,Ne,Mg,Si,S,Ar,Ca,Fe 

‣ EoS: ideal gas with γ=5/3 

‣ opacity: fitting formula(ρ,T, Xh, Xhe) by 
Christy (1966)  (for computational 
convenience)

CSM disk

SN ejecta

Θobs

2D radiation-hydrodynamic simulations



120No CSM model: shock breakout 

density

radiation 
energy 
density

velocity

star

shock radiation 
front

shock

shock
‣ 18Msun RSG 

(Mpresn=12.6Msun) 

‣ Eexp=1051erg 

‣ No CSM
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‣ 18Msun RSG 
(Mpresn=12.6Msun) 

‣ Eexp=1051erg 

‣ No CSM

No CSM model: shock breakout 

‣ Shock breakout + cooling emission 

‣ monotonic decrease in the luminosity and 
temperature 

‣ inconsistent with SN 2023ixf light curve 

‣ but, maximum velocity exceeds 10,000km/s
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composition

luminosity

temperature

velocity

density

vmax~15x103 
               [km/s]

t=106 [sec]

‣ 18Msun RSG 
(Mpresn=12.6Msun) 

‣ Eexp=1051erg 

‣ No CSM

radiation front

shock

‣ Shock breakout + cooling emission 

‣ monotonic decrease in the luminosity and 
temperature 

‣ inconsistent with SN 2023ixf light curve 

‣ but, maximum velocity exceeds 10,000km/s

No CSM model: shock breakout 



123Spherical CSM model: delayed shock breakout 

‣ 18Msun RSG 
(Mpresn=12.6Msun) 

‣ Eexp=1051erg 

‣ 0.05Msun spherical CSM 

‣ Rcsm=6x1014cm 

density

radiation 
energy 
density

velocity
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‣ 18Msun RSG 
(Mpresn=12.6Msun) 

‣ Eexp=1051erg 

‣ 0.05Msun spherical CSM 

‣ Rcsm=6x1014cm 

‣ delayed shock breakout 

‣ luminosity peak is at ~3-4days 

‣ LC evolution looks similar to observations 

‣ but, maximum velocity is less than 7,000km/s

Spherical CSM model: delayed shock breakout 
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‣ 18Msun RSG 
(Mpresn=12.6Msun) 

‣ Eexp=1051erg 

‣ 0.05Msun spherical CSM 

‣ Rcsm=6x1014cm 

composition

luminosity

temperature

velocity

density

vmax~6.3x103 
                [km/s]

t=106 [sec]

radiation front

shock

Spherical CSM model: delayed shock breakout 

‣ delayed shock breakout 

‣ luminosity peak is at ~3-4days 

‣ LC evolution looks similar to observations 

‣ but, maximum velocity is less than 7,000km/s



126Disk-like CSM model: hybrid shock breakout 

radiation 
front

shadow 
region

CSM

wind

‣ 18Msun RSG 
(Mpresn=12.6Msun) 

‣ Eexp=1051erg 

‣ disk-like CSM with 
θdisk=20deg 

‣ Mcsm,iso=0.1Msun  

‣ Rcsm=2x1014cm
density

radiation 
energy 
density

velocity
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Current best-fit

polar/face-on

intermediate

equatorial/edge-on

‣ LCs with viewing angles <40[deg]: shock 
breakout+ CSM-powered emission within a 
few days 

‣ LCs with viewing angles of 80-90[deg] 
quite well explain the observed bolometric 
light curve. 

‣ LCs with intermediate angles show more 
complex evolution

CSM disk

SN ejecta

Θobs

Disk-like CSM model: hybrid shock breakout 



128

Current best-fit

polar/face-on

intermediate

equatorial/edge-on

shock breakout
CSM-powered

shock breakout
CSM-powered

‣ Even around the symmetry axis, CSM-
powered emission can be observed. 

‣ Thermal photons initially diffuse up and 
down (smaller optical depth than equator)

Θobs=10deg

Disk-like CSM model: hybrid shock breakout 
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‣ SB emission is difficult to hide even 
through the equatorial plane 

‣ dust extinction?

SB leakage
CSM-powered

dust extinction?

Θobs=80deg

Early multi-band light curve of SN 2023ixf (Li+2024)

Disk-like CSM model: hybrid shock breakout 

 work still in progress! 

https://ui.adsabs.harvard.edu/abs/2024Natur.627..754L/abstract
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θ=80[deg], t=106 [sec]θ=50[deg], t=106 [sec]θ=10[deg], t=106 [sec]

vmax~6.3x103 
                [km/s]

vmax~15x103 
                [km/s]

vmax~15x103 
                [km/s]

80deg

50deg

10deg

‣ maximum velocity still exceeds 15,000 [km/s] along 50 [deg] 

‣ 15,000xcos(30°)~13,000[km/s]

Disk-like CSM model: hybrid shock breakout 
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C＋O

Type II SN

Type Ibc

time

time

Luminosity

Luminosity

Pre-supernova image 
Pre-supernova activity

‣ pre-supernova image: check archival 
data(HST, etc) to see if the pre-
explosion star is resolved.                          　
→ progenitor luminosity function/mass 
distribution 

‣ pre-supernova activity: check any 
possible variability/non-variability of the 
pre-explosion stars in previous transient 
surveys

132

Type IIP SN2008bkのpre-SN, SN, post-SN imageとspectrum (Smartt 2015)

pre-SN SN post-SN

 Pre-supernova image
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SN progenitors from pre-supernova images, Smartt (2015)

 Pre-supernova image

pre-SN SN post-SN

Type IIP SN2008bkのpre-SN, SN, post-SN imageとspectrum‣ ~20-30 Type IIP SN progenitors 

‣ ZAMS mass estimate from 
evolutionary tracks in HR diagram 

‣ Mlow~9.5Msun, Mhigh~16.5Msun for 
Salpeter IMF? (Smartt 2015) 

‣ On the other hand, nearby star-
forming galaxies host ~25Msun 
RSGs…? (RSG problem)



134dN/dM

Mzams

AGB 
stars 
WDs 
SNe Ia ?

Mlow Mhigh

dN/dM ∝ M-2.35

SNe II 
?

SN progenitors from pre-supernova images, Smartt (2015)
log10(Teff/K)

5.5              5.0               4.5               4.0              3.5
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4.0 

3.5

 Pre-supernova image

‣ ~20-30 Type IIP SN progenitors 

‣ ZAMS mass estimate from 
evolutionary tracks in HR diagram 

‣ Mlow~9.5Msun, Mhigh~16.5Msun for 
Salpeter IMF? (Smartt 2015) 

‣ On the other hand, nearby star-
forming galaxies host ~25Msun 
RSGs…? (RSG problem)



135RSG population in M31, Neugent+(2020)

SN progenitors from pre-supernova images, Smartt (2015)

 Pre-supernova image

‣ ~20-30 Type IIP SN progenitors 

‣ ZAMS mass estimate from 
evolutionary tracks in HR diagram 

‣ Mlow~9.5Msun, Mhigh~16.5Msun for 
Salpeter IMF? (Smartt 2015) 

‣ On the other hand, nearby star-
forming galaxies host ~25Msun 
RSGs…? (RSG problem)
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SN 2009ip, Maruerhan+ (2013a)
Pre-supernova activity

‣ What is the mechanism of pre-SN mass-
loss? 

‣ wave-driven? binary interaction? 

‣ there should be some activity in pre-SN 
stage (SN precursor) 

‣ unbiased transient surveys gradually make it 
feasible to directly observe massive stars in 
their pre-SN stages 

‣ future JWST detections are expected



137H-rich SN 2020tlf, Jacobs-Galan+ (2022)Pre-supernova activity

‣ What is the mechanism of pre-SN mass-
loss? 

‣ wave-driven? binary interaction? 

‣ there should be some activity in pre-SN 
stage (SN precursor) 

‣ unbiased transient surveys gradually make it 
feasible to directly observe massive stars in 
their pre-SN stages 

‣ future JWST detections are expected



138Kilpatrick+2023 
https://ui.adsabs.harvard.edu/abs/2023ApJ...952L..23K

Jencson+2023 
https://ui.adsabs.harvard.edu/abs/2023ApJ...952L..30J/abstract

‣ Kilpatrick+: log10(L/Lsun)=4.74±0.07, 
Teff=3920+200-160K 

‣ Jencson+: log10(L/Lsun)=5.1±0.2, 
Teff=3500+800-1400K (GRAMS) 

‣ Niu+: log10(L/Lsun)=5.11, Teff~3700K (C-rich 
dust) 

‣  Soraisam+: log10(L/Lsun)=5.2-5.4 (P-L relation) 

‣ van Dyk+: log10(L/Lsun)=4.97+0.065-0.088, 
Teff=3450+250-1080 K (GRAMS) 

‣ Xiang+: log10(L/Lsun)~4.8, Teff~3090K 

‣ Qin+:log10(L/Lsun)=5.10±0.02±0.11(osc.), 
Teff=3343±27K 

SN 2023ixf progenitor?
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Rodriguez+2022, SN-IIP progenitor luminosity  
https://ui.adsabs.harvard.edu/abs/2022MNRAS.515..897R/

Progenitor or RSG luminosity

←low mass high mass→

Jencson+
Kilpatrick+

Niu+
Soraisam+

van Dyk+

★

★ Xiang+
Qin+SN 2023ixf progenitor?

‣ Kilpatrick+: log10(L/Lsun)=4.74±0.07, 
Teff=3920+200-160K 

‣ Jencson+: log10(L/Lsun)=5.1±0.2, 
Teff=3500+800-1400K (GRAMS) 

‣ Niu+: log10(L/Lsun)=5.11, Teff~3700K (C-rich 
dust) 

‣  Soraisam+: log10(L/Lsun)=5.2-5.4 (P-L relation) 

‣ van Dyk+: log10(L/Lsun)=4.97+0.065-0.088, 
Teff=3450+250-1080 K (GRAMS) 

‣ Xiang+: log10(L/Lsun)~4.8, Teff~3090K 

‣ Qin+:log10(L/Lsun)=5.10±0.02±0.11(osc.), 
Teff=3343±27K 
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evolutionary tracks of Mzams=12-24Msun stars 
and M31 RSGs(red circle)

Z=Zsun, ηwind=1.0

SN 2023ixf progenitor?

‣ Kilpatrick+: log10(L/Lsun)=4.74±0.07, 
Teff=3920+200-160K 

‣ Jencson+: log10(L/Lsun)=5.1±0.2, 
Teff=3500+800-1400K (GRAMS) 

‣ Niu+: log10(L/Lsun)=5.11, Teff~3700K (C-rich 
dust) 

‣  Soraisam+: log10(L/Lsun)=5.2-5.4 (P-L relation) 

‣ van Dyk+: log10(L/Lsun)=4.97+0.065-0.088, 
Teff=3450+250-1080 K (GRAMS) 

‣ Xiang+: log10(L/Lsun)~4.8, Teff~3090K 

‣ Qin+:log10(L/Lsun)=5.10±0.02±0.11(osc.), 
Teff=3343±27K 
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‣ multi-epoch pre-SN photometry in 
infra-red (Spitzer space telescope) 

‣ pulsation with P~1000days? 

‣ massive RSGs are unstable to radial 
pulsation 

‣ pulsation-driven mass-loss may play a 
role in RSG progenitor (Heger+1997, 
Yoon&Cantiello 2010)

Soraisam+2023 
https://ui.adsabs.harvard.edu/abs/2023ApJ...952L..30J/abstract

Saio+2023

SN 2023ixf progenitor?

https://ui.adsabs.harvard.edu/abs/2023ApJ...952L..30J/abstract
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‣ multi-epoch pre-SN photometry in 
infra-red (Spitzer space telescope) 

‣ pulsation with P~1000days? 

‣ massive RSGs are unstable to radial 
pulsation 

‣ pulsation-driven mass-loss may play a 
role in RSG progenitor (Heger+1997, 
Yoon&Cantiello 2010)

SN 2023ixf progenitor?

Yoon&Cantiello(2010)



RSG pulsation and instability
‣ open-source stellar evolution code 
MESA (Module for Experiments in 
Stellar Astrophysics ) 

‣ 13-18Msun RSGs covering L/
Lsun=104.9-105.2 at core-collapse. 

‣ models are calibrate to reproduce 
HR diagram and period-luminosity 
relations of RSGs 

‣ 11 models are computed until core-
collapse

AS&Shigeyama (2025?)
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RSG pulsation and instability
‣ open-source stellar evolution code 
MESA (Module for Experiments in 
Stellar Astrophysics ) 

‣ 13-18Msun RSGs covering L/
Lsun=104.9-105.2 at core-collapse. 

‣ models are calibrate to reproduce 
HR diagram and period-luminosity 
relations of RSGs 

‣ 11 models are computed until core-
collapse

14Msun model

AS&Shigeyama (2025?)



RSG pulsation and instability
‣ We pickup 8 epochs (t-tcc=20-0.5[kyr]) 
and restart simulations with much shorter 
time step Δt(=5x10-4 yr < 0.2 days)

14Msun model

Mini=14Msun tini-tcc [103yr] period [yr]

model1 20 0.59

model2 10 0.94

model3 8 1.02

model4 6 1.09

model5 4 1.15

model6 2 1.20

model7 1 1.20

model8 0.5 1.22

H He C O

AS&Shigeyama (2025?)



RSG pulsation and instability 14Msun model

H He C O

   14.0Msun, epoch 7 (tcc-tini= 103yr)

‣ We pickup 8 epochs (t-tcc=20-0.5[kyr]) 
and restart simulations with much shorter 
time step Δt(=5x10-4 yr < 0.2 days)

AS&Shigeyama (2025?)
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   14.0Msun, epoch 7 (tcc-tini= 103yr)

‣ We pickup 8 epochs (t-tcc=20-0.5[kyr]) 
and restart simulations with much shorter 
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RSG pulsation and instability

   14.0Msun, epoch 7 (tcc-tini= 103yr)

‣ We pickup 8 epochs (t-tcc=20-0.5[kyr]) 
and restart simulations with much shorter 
time step Δt(=5x10-4 yr < 0.2 days)

AS&Shigeyama (2025?)



RSG pulsation and instability 17Msun model

H He C O
‣ We pickup 8 epochs (t-tcc=20-0.5[kyr]) 
and restart simulations with much shorter 
time step Δt(=5x10-4 yr < 0.2 days)

   17.0Msun, epoch 7 (tcc-tini= 103yr)

AS&Shigeyama (2025?)

vsurf > vesc
mass ejection?



RSG pulsation and instability
‣ We pickup 8 epochs (t-tcc=20-0.5[kyr]) 
and restart simulations with much shorter 
time step Δt(=5x10-4 yr < 0.2 days)

   17.0Msun, epoch 7 (tcc-tini= 103yr)
vsurf > vesc

AS&Shigeyama (2025?)

mass ejection?



RSG pulsation and instability
‣ models with Mini > 15Msun suffer 
from radial pulsation runaway (vsurf > 
vesc) 

‣ if we assume eruptive mass-loss for 
these stars, we do NOT expect 
normal type IIP SNe 

‣ instead, we get type IIn SNe? 

‣ also, observed as variable RSGs 
prior to core-collapse (SN 
precursor) 

AS&Shigeyama (2025?)

 work still in progress! 
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Supernova evolution

Type II SN

Type Ibc

time

time

Luminosity

Luminosity

‣ In each phase, properties of exploding 
stars can be obtained through LCs and 
spectra (+ multi-λ obs.) 

154

He
C＋OC＋O

H
He
C＋O

star/ejecta 
evolution

Research 
trend

➡ SN remnant phase

Lpeak~1042erg/s

Lplateau~1042erg/s

‣pre-supernova image/activity 

‣SN shock breakout/cooling 

emission 

‣photospheric/plateau phase 

‣nebular phase
→ stellar interior, nucleosynthesis

→ explosion dynamics, stellar mass

→ explosion dynamics, stellar radii

→ progenitor properties/activities


