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Early electromagnetic signals from core-collapse supernovae
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Introduction



Transient studies and astronomy/astrophysics

> 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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Gravitational collapse of massive stars and CCSNe )

» Feedback processes to interstellar media, galaxy, and larger structures (heavy elements,

lonizing photons, mechanical energy injection, cosmic-ray acceleration)
lookback time (Gyr)
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What kinds of stars have formed throughout the cosmic history?




Gravitational collapse of massive stars and CCSNe 7

» Feedback processes to interstellar media, galaxy, and larger structures (heavy elements,
lonizing photons, mechanical energy injection, cosmic-ray acceleration)
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How and when heavy elements are created?



Gravitational collapse of massive stars and CCSNe

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

Cassiopeia A Supernova Remnant Spitzer Space Telescope * MIPS
NASA / JPL-Caltech / O. Krause [Steward Observatory) Hubble Space Telescope * ACS
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@ M 82 (NGC 3034) FOCAS (B, V, Ha)
k—’ Subaru Telescope, National Astronomical Observatory of Japan March 24, 2000

How explosive objects influence the surroundings?




From birth to death of stars

> Collapsing massive stars are birthplaces of compact
objects.

» SN1054 (SN that created the Crab nebula)

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

radio luminosity

Intensity
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N
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time [msec] credit: Chandra Education Data |
Analysis Software And Activities HST image of Crab nebula

Radio signal from Crab pulsar https://hubblesite.org/image/3885/category/35-supernova-remnants

credit: ESO
https://www.eso.org/public/images/eso9948i/ HOW COmpaCt ObjeCtS (NS/BH) are born?




From birth to death of stars "

> Collapsing massive stars are birthplaces of comp: _679 GHzDusgd" | 315GHz Dust _[BHaI(HST)I2014
objects.

» SN1054 (SN that created the Crab nebula)

10000 au
|

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

» NS 1987A in SN 1987A remnant”?

A DEC (arcsec)

0.25 0.00 -0.25

ARAf(arcsec)  \Warm dust with a heat source?

(Cigan+2020)

Millimeter « ALMA Visible « Hubble

How compact objects (NS/BH) are born?




From birth to death of stars

> 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”?

|;'> o
Black hole

? Msun Massive stars

8-10Msun Neutron stars

intermediate-, low-mass stars White dwart

How compact objects (NS/BH) are born?
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From birth to death of stars a

> /AMS mass(Mzams), metallicity(Z), rotation(Q)), magnetic field(B) — various types of CCSNe

> compact object(NS/BH) or no compact object(ECSNe/PISNe)

Initial Mass Function (IMF):

probability distribution of the initial stellar mass (or Mzams)
ZAMS=Zero Age Main Sequence(~initial mass)

dN/dM
low-mass
stars Massive
stars
AGB stars
= Salpeter IMF:
SNela | CCSNe : CCSNe dN/dM ~ M-2:35

+ forming :  forming
NSs? : BHs?

Mzams

3-10Me ?7?’Me

Mapping an IMF to a variety of transients and remnants



EM and v + GW observations -

> 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. (v): 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
2> \ - Tl ~ | https://ui.adsabs harvard.edu/abs/1987MNRAS 229P.15C
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EM and v + GW observations
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> 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. (v): Information on stellar cores.
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But, detections are challenging (SN

SN1987A light curve

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

> observational test for what we
believed as the standard explosion
mechanism (v -driven)

0 50 100 150 200 250 300 » )/ |uminOSity/SpeCtrum —>

temperature and radius of v -sphere

> relation between v _properties and
progenitor/explosion
properties(mass, energy, ,Ni,...)




EM and v + GW observations "

» Feedback processes to interstellar media, galaxy, and larger structures (heavy elements,

lonizing photons, mechanical energy injection, cosmic-ray acceleration)
lookback time (Gyr)
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What kinds of stars have formed throughout the cosmic history?



Frequency [Hz]

EM and v + GW observations

> /AMS mass(Mzams), metallicity(Z), rotation(Q)), magnetic field(B) — various types of CCSNe

> compact object(NS/BH) or no compact object(ECSNe/PISNe)

1 1 1 1 1 1 1 1 l 1 1 1 1 1 1
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top [ms]

0.2 04 06 08 1.0 1.2 14 1.6
Time after bounce [s]

GW signal from CCSN BH formation in failed SN
Vartanyan+ (2023) Kuroda&Shibata (2023)

Mapping an IMF to a variety of transients and remnants
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Evolution of exploding massive stars



Spectral classification of SNe and their progenitors

> Light curves+spectra (la, lb, Ic, Il)

yes
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Spectral classification of SNe and their progenitors

> Light curves+spectra (la, lb, Ic, Il)
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Spectral classification of SNe and their progenitors -

> Light curves+spectra (la, lb, Ic, Il)
O,Ne Mg

Si

gle yes
Hydrogen ‘ H-rich SNe
Type |l
Type |
no Yes
Silicon
Type la
no yes thermonuclear SNe
Helium
Type Ic Type Ib stripped envelope SNe

+broad-lined Ic (lc-BL)



Spectral classification of SNe and their progenitors 3

> Light curves+spectra (la, lb, Ic, Il)
O,Ne Mg

Si

gle yes
Hydrogen ‘ H-rich SNe
Type |l
Type |
no Yes
Silicon
Type la
no yes thermonuclear SNe
Helium
Type Ic Type Ib stripped envelope SNe

+broad-lined Ic (lc-BL)



Spectral classification of SNe and their progenitors ~

> Light curves+spectra (la, lb, Ic, Il)

O,Ne Mg
no yes St
Hydrogen ‘ H-rich SNe
Type |l Fa
— Type lIn
Type | O,Ne,Mg
gle YES Si
Silicon ‘
Type la
glo yes thermonuclear SNe e
Helium — Type la-CSM Si
Type Ic Type Ib stripped envelope SNe

— Type Icn — Type lbn
+broad-lined Ic (lc-BL)

Fe
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see, also, AS, Moriya, Takiwaki (2019,20)



Spectral classification of SNe and their progenitors -
[Ib

> Light curves+spectra (la, Ib, Ic, II) W I1b/16/Ic

Astripped SNe

Nno yeS - _ ~30%
| - Ic  typell
Hydrogen H-rich SNe yp
Type |l [n ~70%
— Type lin 1-87A
Type |
Table 3
NO yeS Updated Relative SN Fractio::s in a Volume-limited Survey
. ‘ Type Previous This Work Difference
SIIICOI’] Core Collapse
I 68.9189 69.6161
Type Ia Ib/Ib /Ic 31.1753¢8 30.4139
no yeS thermonuclear SNe >Uipped Bvelope
IIb 27.6%5] 34.0° 114 +6.3
_ IIb-pec 20553
Helium - Type Ia CSM Ib " 16.1763 35.6°114 +19.5
Ib-
IbCF--);Ca 12_4*_’2_'2 e e
Ic 4114113 21.5+8¢ —19.6
i Ic-pec 28358 3.2+
Type Ic Type Ib stripped envelope SNe e-BL 37729
Hydrogen Rich
- Type Icn - Type lbn CCSNe type fraction based on the volumetric — —Ty — Ty
. samples in Lick Observatory SN search m.s7a o 42124
+broad-lined Ic (lc-BL) P Shivverss(2017) 1 oy 7




Massive star evolution (Mini> ~10Msun )

> successive formation of burning layers and nuclear products (from He to Fe)

> Fe core collapses with its own gravity

He core formation CO core formation Ne burning Si burning

25



Explosion mechanism of CCSNe

> gravitational energy of iron core-collapse: |Egrav| ~ GMns2/Rns ~ 1023 [erc

> typical explosion energy: Eexp ~ 10°1[erg] = 1% of

> how to achieve 1% efficiency — v heating mechanism is likely

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

> radiated energy from a typical CCSN:
Eraa~104° [erg] = 1% of Eexp

> corresponding to ~0. 1 Msun radioactive 26N

> Can we reproduce enough °6Ni to power
CCSN emission?

_grav
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Shock propagation: explosive nucleosynthesis !

> Eexp~102Terg injected around Fe core — blast wave propagation in the star

exp

1/4 _3/4
471' Eexp R
> post-shock temperature: —R?aT*~E._ = T~ 10" [K]
3 10°lerg 103cm

» explosive nucleosynthesis: various kinds of nuclel

» T>bx109[K]: complete Si burning
=) 56Ni, Fe-peak
> T=(4-5)xT109[K]: incomplete Si burning \ core-collapse+explosion
= Si, S, 56N, Ar, Ca
> T=(3-4)x109[K]: O burning
= O, Si, S, Ar, Ca
» T=(2-3)x109[K]: C and Ne burning Fe core formation
= O, Mg, Si, Ne




Shock propagation: explosive nucleosynthesis

> Eexp~102Terg injected around Fe core — blast wave propagation in the star

c

4
> post-shock temperature: ?”R%ZIT‘* ~Eyy = T~ 1010(

» explosive nucleosynthesis: various kinds of nuclel

» T>bx109[K]: complete Si burning
= 56N, Fe-peak
> T=(4-5)x109[K]: incomplete Si burning
= Si, S, 56N, Ar, Ca
» T=(3-4)x109[K]: O burning
= O, Si, S, Ar, Ca
> T=(2-3)x10%[K]: C and Ne burning
= O, Mg, Si, Ne
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Shock propagation: explosive nucleosynthesis

> Eexp~102Terg injected around Fe core — blast wave propagation in the star

—3/4
) K]
| t=O._1769 [sec]

c

4
> post-shock temperature: ?”R%ZIT‘* ~Eyy = T~ 1010(

» explosive nucleosynthesis: various kinds of nuclel h1
o
nl4

> T>5x109[K]: complete Si burning o
=» 56Ni, Fe-peak mg24
> T=(4-5)xT109[K]: incomplete Si burning 5i28
= Si, S, 56Ni, Ar, Ca 32
> T=(3-4)x109[K]: O burning ca40
=) O, Si, S, Ar, Ca fe56
> T=(2-3)x109[K]: C and Ne burning
= O, Mg, Si, Ne =
= 10738 —= . E———
RN [ IAR B
X 1074

0.0 2.5 5.0 7.5 10.0 12.5
M(r) [Mo] enclosed mass [Msun]

29



Shock propagation: explosive nuc

> Eexp~102Terg injected around Fe core — blast wave

c

4 |5 1/4 P _3/4
> post-shock temperature: ?ﬂR%IT“NEXp = T~1010( — ) ( ) (K]

» T>bx109[K]: complete Si burning
= 56N, Fe-peak
> T=(4-5)x109[K]: incomplete Si burning
= Si, S, 56N, Ar, Ca
» T=(3-4)x109[K]: O burning
= O, Si, S, Ar, Ca
> T=(2-3)x10%[K]: C and Ne burning
= O, Mg, Si, Ne

leosynthesis

propagation in the star
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Shock propagation: explosive nucleosynthesis

> Eexp~102Terg injected around Fe core — blast wave propagation in the star

4
> post-shock temperature: %R%J4 ~

E

exp

= T~ 1010(

R
108cm

—3/4
) K]

1/4
Eexp
10°1erg

» explosive nucleosynthesis: various kinds of nuclel

» T>bx109[K]: complete Si burning
= 56Ni, Fe-peak

> T=(4-5)x10°[K]: incomplete Si burning
= Si, S, 56N, Ar, Ca

» T=(3-4)x103[K]: O burning

= O, Si, S, Ar, Ca
> T=(2-3)x10°[K]: C and Ne burning

= O, Mg, Si, Ne

mass fraction X

t=O§OOOO [$ec]

...........................................................................................................................................................................................

e R

t=5§2771 [s}ec]
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explosive nucleosynthesis in 20Msun star
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Shock propagation: explosive nucleosynthesis

> Eexp~102Terg injected around Fe core — blast wave propagation in the star

4
> post-shock temperature: §R3arT4 ~E

L 1/4 - Yy
= T~ 10! — K
=P ( lOSIerg> ( 1080m> L]

» explosive nucleosynthesis: various kinds of nuclel

» T>bx109[K]: complete Si burning
= 56Ni, Fe-peak

> T=(4-5)x10°[K]: incomplete Si burning
= Si, S, 56N, Ar, Ca

» T=(3-4)x103[K]: O burning

= O, Si, S, Ar, Ca
> T=(2-3)x10°[K]: C and Ne burning

= O, Mg, Si, Ne

mass fraction X
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Shock propagation: explosive nucleosynthesis

> Eexp~102Terg injected around Fe core — blast wave propagation in the star

4
> post-shock temperature: §R3arT4 ~E

exp

» T>bx109[K]: complete Si burning
= 56Ni, Fe-peak
> T=(4-5)xT109[K]: incomplete Si burning

= Si, S, 56N, Ar, Ca

» T=(3-4)x103[K]: O burning

= O, Si, S, Ar, Ca
> T=(2-3)x10°[K]: C and Ne burning

= O, Mg, Si, Ne

exp

1/4 _3/4
= T~ 10" - X [K]
10°1erg 103cm

» explosive nucleosynthesis: various kinds of nuclel

mass fraction X

t=O§OOOO [$ec]

...........................................................................................................................................................................................

e R

: t=552771 [sgoec]
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explosive nucleosynthesis in 20Msun star

33

hl
hed
cl?
nl4
016
ne20
mg24
Si128
S32
ar36
ca40
fe56
ni56



Shock propagation: explosive nucleosynthesis

> Eexp~102Terg injected around Fe core — blast wave propagation in the star

4
> post-shock temperature: %R%er4 ~E

|5 1/4 P ~3/4
= T~ 10% = K
=P ( lOSIerg> ( 1080m> L]

» explosive nucleosynthesis: various kinds of nuclel

» T>bx109[K]: complete Si burning
= 56Ni, Fe-peak

> T=(4-5)x10°[K]: incomplete Si burning
= Si, S, 56N, Ar, Ca

» T=(3-4)x103[K]: O burning

= O, Si, S, Ar, Ca
> T=(2-3)x10°[K]: C and Ne burning

= O, Mg, Si, Ne

mass fraction X

exploswe nucleosyntheSIS iIN 20Msun star
: ' t= O 0000 [sec]

...........................................................................................................................................................................................

R R R R R R R R R R R
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Shock propagation: explosive nucleosynthesis

> Eexp~102Terg injected around Fe core — blast wave propagation in the star

4
> post-shock temperature: §R3arT4 ~E

exp

» T>bx109[K]: complete Si burning
= 56Ni, Fe-peak
> T=(4-5)xT109[K]: incomplete Si burning

= Si, S, 56N, Ar, Ca

» T=(3-4)x103[K]: O burning

= O, Si, S, Ar, Ca
> T=(2-3)x10°[K]: C and Ne burning

= O, Mg, Si, Ne

exp

1/4 _3/4
= T~ 10" - X [K]
10°1erg 103cm

» explosive nucleosynthesis: various kinds of nuclel

mass fraction X

t=O§OOOO [$ec]

...........................................................................................................................................................................................

e R

 t=5.2771 [sec]
10 0 _ ................................. ................................. ................................ T ...................

1.25 1.50 1.75 2.00 2.25 2.50
enclosed mass [Msun]

explosive nucleosynthesis in 20Msun star
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Shock propagation: explosive nucleosynthesis

> Eexp~102Terg injected around Fe core — blast wave propagation in the star

4
> post-shock temperature: §R3arT4 ~E

exp

» T>bx109[K]: complete Si burning
= 56Ni, Fe-peak
> T=(4-5)xT109[K]: incomplete Si burning

= Si, S, 56N, Ar, Ca

» T=(3-4)x103[K]: O burning

= O, Si, S, Ar, Ca
> T=(2-3)x10°[K]: C and Ne burning

= O, Mg, Si, Ne

exp

1/4 _3/4
= T~ 10" - X [K]
10°1erg 103cm

» explosive nucleosynthesis: various kinds of nuclel

mass fraction X
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Shock propagation: explosive nucleosynthesis

> Eexp~102Terg injected around Fe core — blast wave propagation in the star

4
> post-shock temperature: ?]TR%IT“ ~E

|5 1/4 P ~3/4
= T~ 10% = K
=P ( IOSIerg> ( 1080111) L]

» explosive nucleosynthesis: various kinds of nuclel

» T>bx109[K]: complete Si burning
= 56Ni, Fe-peak

> T=(4-5)x10°[K]: incomplete Si burning
= Si, S, 56N, Ar, Ca

» T=(3-4)x103[K]: O burning

= O, Si, S, Ar, Ca
> T=(2-3)x10°[K]: C and Ne burning

= O, Mg, Si, Ne

mass fraction X

exploswe nucleosyntheSIS iIN 20Msun star
: ' t= O 0000 [sec]

1.25 150 175 2.00 2.25 250 —
enclosed mass [Msun]
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Shock propagation: shock emergence to expansion

» After the shock emergence from the
photosphere, the ejecta rapidly expands

> |t starts free expansion, soon after the
breakout: v=r/t

> the radial density structure well reproduced

by a double-power law (0 =0-2, n=6-10)

density ejecta mass: Mej
ejecta energy: Esn

~V-0 :
P~V free expansion: v=r/t

0~V CSM mass: Mcsm
CSM radius: Resm

Inner outer

ejecta | ejecta 0 ~r-2

r=Vort '=Vmaxt r=Resm radius

T [K] v[103km/s]  p [glem?]

47tr’F lerg/s]

10~4
1078
10—12
10—16
10—20

i~ i |

1012 1013 1

014 1015 10|16 1017

r [cm]



Supernova evolution

> CCSN light curves (LCs): luminosity evolution determi
mass, ejecta strudture(density/temperature/abundar

ce profiles)

> (We believe) We know how normal SNe behave (LCs+spectral evolutions)

Luminosity
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Supernova evolution *

> |n each phase, properties of exploding
stars can be obtained through LCs and

spectra (+ multi-A obs.)
star/ejecta Research

evolution trend

> pre-supernova image/activity Lpeak~10%42erg/s )
— progenitor properties/activities _MA_/\_
» SN shock breakout/cooling A Luminosity Eme
H
emission Type Il SN

— explosion dynamics, stellar radii o
» photospheric/plateau phase Lplateau~1042erg/s
— explosion dynamics, stellar mass -MA_/\—

> nebular phase

>

— stellar interior, nucleosynthesis Hme

= SN remnant phase



Supernova evolution

> 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

Pre-supernova image

41

Pre-supernova activity

$ Luminosity Type Ibc

s

|_peak~1042erg/s

LN

1 Luminosity . time

Type Il SN

Lplateau~ 1 O4Zerg\:

time



Supernova evolution *

SN shock breakout/cooling

» SN shock breakout: first EM signal from ]
SNe (thermal UV, X-ray + non-thermal?) Luminosity Type Ibc

C+0

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

: .. |_peak~1042erg/s ~
> followed by shock cooling emission _MM\_
- ~ u I~ )
» Information on stellar radius/environments 4 Luminosity time
"
_logu(EJlergcm=l), - logio(E./lerg cm-2]), = logo(E./[erg cm-3]), - logul(E./lerg cm-3])300Irne Type I SN

14
progenitor Il progenitor
surface surface

10 \\\\\\
1 100

200 200 200

100 100 Lplateau~ 1 O4Zerg /S

0 0
-100 -100

-200

~200 time

radiation

M front
300 200 100 0 300 200 100 0 00 200 100 0 00 200 100 0

x [3x10'° cm] x [3x10"° cm] x [3x10' cm] x [3x10'° cm) AS, Maeda, Shigeyama (2016)

~300 ~300



Supernova evolution +
Photospheric phase (a few 10 days)

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

power source Is usually thermal energy +
nuclear energy °6Ni—°6Co—°6Fe decay chain

. . _ _ | peak~1042erg/s
evolutionary tlmesc:all/e2 = photon diffusion _MM\_ B
f KM o~ M3IAE=1/4 —— >
ch =\ " ej exp 1 Luminosity . time
ph Type Il SN

expansion velocity (photospheric velocity)

obtained from spectra o
1 ) 2E€Xp i Lplateau~] O4Zerg/s

c

Plateau phase(~100 days) time



Supernova evolution *

Nebular phase

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

> emission lines from metals [Ol], [Call], [Fell], -

> we can “see through” the ejecta

, | | |_peak~1042erg/s N

1 Luminosity . time
Type Il SN

10

— SN 2012aw
— 15 M. model

- 250 d

()|
1

Lplateau~ 1 O4Zerg/s

F (10 Yergslem 24 )
S = N O N RO

LN

7000 8000 9000 10000 time
A(AY)

.O
n

s N ,-\/.. R . . - \ . ’\ .
300 4000 5000 6000

S

Jerkstrand, A. (2017)



Energy sources of supernova lights ®

» thermal energy E, . eventually released in the optically

thick to thin transition of the ejecta

— all types: shock breakout/shock cooling emission
— type lIP: plateau emission

» Kinetic energy E_ ~ 10°'[erg]: (late) shock conversion

Into thermal/non-thermal energy

— optically thin: thermal (X-ray), non-thermal (synchrotroni/IC)
— optically thick: optica

» huclear energy E_ . radioactive 26Ni—>6Co—>6Fe (half-
lives of 6 and 7/ days)

— stripped-envelope SNe — gamma-ray leakage
» compact remnant (NS spin/BH accretion): some
energetic/exotic supernovae (e.qg., broad-lined lc SNe,
super-luminous SNe)?




Energy sources of supernova lights *

|
1
1
1
|

. /otosphere

» thermal energy E, . eventually released in the optically

thick to thin transition of the ejecta

— all types: shock breakout/shock cooling emission
— type lIP: plateau emission

» Kinetic energy E_ ~ 10°'[erg]: (late) shock conversion

Into thermal/non-thermal energy

— optically thin: therma

(X-ray), non-thermal (synchrotroni/IC)
— optically thick: optica

» huclear energy E_ . radioactive 26Ni—>6Co—>6Fe (half-
lives of 6 and 7/ days)

— stripped-envelope SNe — gamma-ray leakage

» compact remnant (NS spin/BH accretion): some

energetic/exotic supernovae (e.qg., broad-lined lc SNe,
super-luminous SNe)?



Energy sources of supernova lights Y

I shock I ) Eopt » thermal energy E,: eventually released in the optically
kin "= Lin¢ free-free 5 thick to thin transition of the ejecta
X — all types: shock breakout/shock cooling emission
MHD/plasma — type lIP: plateau emission
- [p

particle acc. F. F » kKinetic energy E,., ~ 10°'[erg]: (late) shock conversion
le> ~CR

Into thermal/non-thermal energy

—> optically thin: thermal (X-ray), non-thermal (synchrotroni/IC)
— optica nick: optica

» huclear energy E_ . radioactive 26Ni—>6Co—>6Fe (half-
lives of 6 and 7/ days)

— stripped-envelope SNe — gamma-ray leakage
» compact remnant (NS spin/BH accretion): some
energetic/exotic supernovae (e.g., broad-lined Ic SNe,
super-luminous SNe)?




Energy sources of supernova lights ®

& -b;?i

» thermal energy E, . eventually released in the optically

thick to thin transition of the ejecta

— all types: shock breakout/shock cooling emission
— type lIP: plateau emission

» Kinetic energy E_ ~ 10°'[erg]: (late) shock conversion

Into thermal/non-thermal energy

— optically thin: thermal (X-ray), non-thermal (synchrotroni/IC)
— optically thick: optica

» huclear energy E_ . radioactive 26Ni—>6Co—>6Fe (half-

lives of 6 and 7/ days)

— stripped-envelope SNe — gamma-ray leakage
» compact remnant (NS spin/BH accretion): some
energetic/exotic supernovae (e.qg., broad-lined lc SNe,
super-luminous SNe)?




Energy sources of supernova lights 49

Thermal radiation

» thermal energy E, . eventually released in the optically

unshocked ejecta

forward shock thick to thin transition of the ejecta

Non-thermal
radiation leakage

erse Sh|°°k — all types: shock breakout/shock cooling emission
central engine o
(rotating NS or BH) — type IIP: plateau emission

Rayleigh-Taylor » kinetic energy L. ~ 1051[€I‘g]: (Iate) shock conversion

mixing

Into thermal/non-thermal energy

— optically thin: thermal (X-ray), non-thermal (synchrotroni/IC)
— optically thick: optica

» huclear energy E_ . radioactive 26Ni—>6Co—>6Fe (half-
lives of 6 and 7/ days)

—> stripped-envelope SNe  — gamma-ray leakage

» compact remnant (NS spin/BH accretion): some
energetic/exotic supernovae (e.qg., broad-lined lc SNe,

super-luminous SNe)?
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Photospheric phase
Photospheric phase (a few 10 days)

SN ejecta Is still coupled with thermal photons

photons diffuse throughout the expanding

ejecta

observed spectra Charact.erlzed by a L oence]0%26rg/S

temperature (Blackbody-like) N\A /\ -
ejecta dynamics (mass, velocity) and photon $ Luminosity Eme
transport (diffusion/expansion) Type Il SN ’

K .
—> characteristic time: 7, = ( - ) X MSJ./“EG‘XL/4 Lplateau~ I O4Zerg\
CVexp

X

1/2
—> expansion velocity: ~ - P o F NlM. 2 *
P Y- vexp M . EXp 2 C] v@Xp >
- Plateau phase(~100 days) time




Type lI-“Plateau” supernovae )

4 Luminosity

& - H > explosions of red-supergiants (RSG) with
plateau~ 1 0*2€rg/s typical M~10Msun and R~a few 100 - 1000Rsun.

\ » Plateau emission: gradual release of the

thermal energy In the ejecta

» optically thick — thin transition by H

recombination 4.0 T T e
. H recompination Opacity
] X=0.7, Z=0.02

3.0@
> free electrons from H as a 3
dominant opacity source(e- £ ;ot
. E :
scattering) g ¢
fl.of-
“ » recombination temperature = ¢
; 0.0
: . of Trec~6000—7000[K] :

I T i
" -1.0 : T A
! otosphere | | 104 105 10 107
! P OPAL opacity, Iglesias&Rogers (199 TIK]



Type lI-“Plateau” supernovae ~

4 Luminosity

k . H > explosions of red-supergiants (RSG) with
pirea~1042erg/s 6 typical M~10Msun and R~a few100 - 1000Rsun
\ » Ry ~ T00R, ~ 5 x 10cm

1/4 1/4 —3/4
g T, = Hing =7x10° “ho Ssta [K]
time > 0 dra R, 10°lerg 5 X 10B3cm

» adiabatic cooling, T =T, (R/Rstar)_1

T T -1 T
R — O Rstar — IOORstar < — ) ( O )
- T.. 7 x 103K 7 x 105K

> On average, the expansion velocity Is given by

1/2 —1/2
Eexp M
v~ QE, IM)"* ~3x10° [km/s]
P 10°1erg 10M,,

/otosphere » 100R,,,/v ~ 200[d] ~ 6(100d)

|
1
1
1
|




Type lI-“Plateau” supernovae

4 Luminosity

ww] O42erg/s

H

>

>

53

> explosions of red-supergiants (RSG) with
typical M~10Msun and R~a few 100 - 1000Rsun.

R, ~ 700R, ~ 5 x 10"cm

star

adiabatic cooling, T = T, (R/Rstar)_1

E R
at R = 100R,,,., E;, = 10¥%rg [ ——
10°1erg 100R,,,

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
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Type lI-“Plateau” supernovae

4 Luminosity
k . > In reality, the recombination front propagate
plateau~1042€rg/s back from the surface to the center

\ » accordingly, the thermal energy Is released as

radiation (with Tee=Trec)

> type Il SN spectra: temperature and doppler
velocity (P-Cygni profile)

emission

SN spectra (Modjaz+2014)

rrrrryyyrTrraa IIIIIIIIIIII] IIIII llllllll IIIIII IIIIIIIIII
Vexp QL _
o Hy HB Ho
emission - \‘
SN I
absorption or " o " hel i
“ SN llb
wavelength S |
gt He Hel :
Hel Hel
T 4 A .. SNIb -
Q_.'{



Type lI-“Plateau” supernovae

4 Luminosity

|_plateau~ 1 0*2erg/s

1l

O

¥

L

emission

log L (erg/s)
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> In reality, the recombination front propagate
back from the surface to the center

» accordir
radiatior
>
43.0 Ligfi:t'-‘chfves of Type II plateau (IIP) SNe and SN 1987A
+ + SN 1987A
@ SN 1999em
= o SN 2009ib
e SN 2012ec
42.0+ e SN 2013ej |-
41.5
41.0
40.5 ®e ]
0]
d
40.0 )
999 50 100 150 200 250 300 350 400

time since explosion (days)

gly, the thermal energy Is released as
(Wlth TBB=TreC)

.Photospheric velocity (km/s) - Fe 4924-5018-5169 A line

10000
- - = = SN 1987A
_ 8000F h' = = SN 1999em|’
m] .
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o Oo
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a
2000} "Tmotamms g s s e, B Egm
]
Photospheric temperature (K)
14°°°"’\ ¢ ¢ SN 1987A
12000} () ¢ ¢ SN 1999em |-
. ¢ ¢ SN 2013ej |.
gooo} * .l %
N 0
2000 ”mu’u‘o W30 00000 W o0 ¢ 0 0 00 %44 00 o '
4000} ¢ ¢ Al 3
0 20 20 60 80 100 120 140

time since explosion (days)

Type Il SN light curves (Zampieri+2017)



Type Ibc or stripped-envelope supernovae %

,Luminosity

> explosions of He or CO star with typical M~ a
few Msun and R~ T1-10Rsun.

> Initial thermal energy suffers from adiabatic
cooling (H-poor: k ~0.1cmZ4/Qg)

> radioactive energy Instead heats up the ejecta

M (t) =My (0)e /™
My (t) =My (0) ——<° (e—t/mo e_t/ml)
TCo — TNi
MFe(t) :MNi(O) 1 TCo G_t/TCO | TNi e_t/TNl
TCo — TNi TCo — TNi

i = 8.8[d], 7o, = 111[d]




Type Ibc or stripped-envelope supernovae o7

,Luminosity

> explosions of He or CO star with typical M~ a
few Msun and R~ T1-10Rsun.

> Initial thermal energy suffers from adiabatic
cooling (H-poor: k ~0.1cmZ4/Qg)

> radioactive energy Instead heats up the ejecta

. My (t) Mco(t)
Frnue =€ni - €Co ,
TNj TCo
EN; € _ . € _
_ ( 1 Co ) e t/TNi | Co e t/Tco MNl(O)
\TNi TCo — TNi TCo — TNi |

|
1
1
1
|

ENi Z(l — m56Co/m56Ni)02 €Co :(1 o m56Fe/m56Co)02
. —(1 — 55.939844/55.94214)c>  =(1 — 55.9349393/55.939844)c”

' —3.69 x 10'° erg g~} =7.88 x 10'° erg g7 1.
) /otosphere




Type Ibc or stripped-envelope supernovae o8

Luminosity

LIs

C+0

time

> explosions of He or CO star with typical M~ a
few Msun and R~ T1-10Rsun.

Luminosity []]

—=— SN 1987A

Enue(t) With Mi=0.075Msun

50 100 150 200 250 300
time [days]



Type Ibc or stripped-envelope supernovae o0

,Luminosity

C+0 C+0 » explosions of He or CO star with typical M~ a

few Msun and R~ 1-10Rsun.

>
time
SNISB7A X-RAY LIGHT CURVE : S.8 - 16.1 KEV
—1—7-7-—"-1-1'-7‘-7 P P T N e =y
- X-and yr-ray Ieakage observed by Glnga4 -
E 3 = ~ —= SN 1987A
g * L

2i # : 5 i Enuc(t) Wlth MN|=OO75MSun
't ¢ ; >
6| : £

s | ¢ ++ : §

I + ¢ ‘ ¢ ] k=

3 * b E

| ' t j 3

8 TS0 oo iso 200 250 300 330 400

TTHE AFTER OUTBURST (DAYS)

4
https://heasarc.gsfc.nasa.gov/docs/objects/snrs/sn1987a_lc.html

' N 0 50 100 150 200 250 300
* photosphere time [days]

1
1
1
|
[
[}



Type Ibc or stripped-envelope supernovae o0

,Luminosity

> explosions of He or CO star with typical M~ a
few Msun and R~ T1-10Rsun.

T KpR? kM
— —R = P ~

VAiff C C CR

. . R
expansion time: 7, = —
y

» Initially, 7, < 7., : dragged by expansion

p

» When 744 ~ 7., Photons efficiently escape

through the photosphere (peak L).

1/2
t M 1/2 » " 1/2 M . —1/2[d]
X | —— —
: - peak =\ ew 0.1cm?2/g 2M,, 10*km/s
," /otosphere

|
1
1
1
|




Type Ibc or stripped-envelope supernovae

,Luminosity

LIs

O

time

ol

> explosions of He or CO star with typical M~ a
few Msun and R~ T1-10Rsun.

L

1%

Luminosity

43.0f

UBVRINIR Log(L) [erg s']

41.0}

eak — Enuc(tpeak) ~ 1042[erg/8]
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Type Ibc SN light curves (Pian&Mazzali2017)



Nebular phase spectrum >
Photospheric phase (a few 10 days)

> SN ejecta Is transparent to thermal photons

» radioactive tall

O

» observed spectra show emission lines

(nebular-like) L oence]0%26rg/S
» chemical abundance and distribution + —MA-/\-—
>
doppler tomography $ Luminosity time

n———————————— ——————————
L 250 d — SN 2012aw _ Type Il SN

—— 15 M. model m

()
L

Lplateau~ 1 O4Zerg/s

[

Plateau phase(~100 days) time

F (10 Yergslem 2A )
SO — N O N RO

<
n

nAWL hoon JNNY R . . , \\x- "\ .
300 4000 5000 6000

S

. 00 B000 900010000
(4) Jerkstrand, A. (2017)



Nebular phase spectrum

4 Luminosity

A

" H

emission

flux

absorption

»

Observer

>

emission /\

63

SN ejecta Is transparent to thermal photons

radioactive tall

observed spectra show emission lines

(nebular-like)

chemical abundance and distribution +

doppler tomography

10 ———————————————1——

— SN 2012aw

—— 15 M model

W
T T T

llllllllllllllll

Vexp
<+

F (107 %ergslem2A )
S = N O N kO

wavelength ™

O- nndPon polomn o S M = WA »l\
300 4000 5000

Jerkstrand, A. (2017)
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Shock propagation: explosive nucleosynthesis

> Eexp~102Terg injected around Fe core — blast wave propagation in the star

c

10°1erg 103cm

4 |5 1/4 P _3/4
> post-shock temperature: ?ﬂR%IT“NEXp = T~1010( — ) ( ) (K]

» explosive nucleosynthesis: various kinds of nuclel

» T>bx109[K]: complete Si burning
= 56N, Fe-peak
> T=(4-5)x109[K]: incomplete Si burning
= Si, S, 56N, Ar, Ca
» T=(3-4)x109[K]: O burning
= O, Si, S, Ar, Ca
> T=(2-3)x10%[K]: C and Ne burning
= O, Mg, Si, Ne

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

mass fraction X

exploswe nucleosyntheSIS iIN 20Msun star
: ' t= O 0000 [sec]

...........................................................................................................................................................................................

R R R R R R R R R R R

~ t=5. 2771 [sec]
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Shock propagation: explosive nucleosynthesis

> Eexp~102Terg injected around Fe core — blast wave propagation in the star

c

10°1erg 103cm

4 |5 1/4 P _3/4
> post-shock temperature: ?ﬂR%IT“NEXp = T~1010( — ) ( ) (K]

» explosive nucleosynthesis: various kinds of nuclel

» T>bx109[K]: complete Si burning
= 56N, Fe-peak
> T=(4-5)x109[K]: incomplete Si burning
= Si, S, 56N, Ar, Ca
» T=(3-4)x109[K]: O burning
= O, Si, S, Ar, Ca
> T=(2-3)x10%[K]: C and Ne burning
= O, Mg, Si, Ne

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

mass fraction X

...........................................................................................................................................................................................

t=O§OOOO [s}ec]

R R R R R R R R R R R

 t=5.2771 [sec]

1 O 0 _ ................................. ................................. ................................ ................................. ...................

10—1m§ ................................. .. . 160y

10—2_ ...........................................................................................................................................................................................
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Shock-powered emission o
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Shock-powered emission .
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Shock-powered emission
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Shock-powered emission
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1D RHD simulations of type lIn SNe (AS, Moriya, Takiwaki 2019)
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Shock-powered emission b

thick

r shock 5 — Eopt > rare luminous events (e.qg., type lIn SNe)
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Shock-powered emission "
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Shock-powered emission a
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Shock-powered emission "
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Shock-powered emission "
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Supernova evolution "

> |n each phase, properties of exploding
stars can be obtained through LCs and

spectra (+ multi-A obs.)
star/ejecta Research

evolution trend

> pre-supernova image/activity Lpeak~10%42erg/s )
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Early emission and past/recent observations



Early emission as a probe of stellar radius/environment °
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Shock breakout phase: first EM signal from SNe

> shock propagation in stellar atmosphere

CORE COLLAPSE
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Shock breakout phase: first EM signal from SNe

CORE COLLAPSE
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Shock breakout phase: first EM signal from SNe
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Shock breakout phase: first EM signal from SNe >
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Early observations of CCSNe

CORE COLLAPSE » But, observations are challenging
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Early observations of CCSNe

» But, observations are challenging
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Early observations of CCSNe
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Early observations of CCSNe
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Early observations of CCSNe
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Early observations of CCSNe
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Shock breakout light curves ”
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Shock breakout light curves

> |n spherical explosion, shock
breakout looks like an
Instantaneous “flash™ of UV
photons.

> post-shock temperature of
several 0.01-0.1 keV

> light traveling time across the
stellar radius governs the
duration.
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Shock breakout light curves
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Shock breakout light curves
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Shock breakout light curves
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breakout looks like an
Instantaneous “flash™ of UV
photons.

> post-shock temperature of
several 0.01-0.1 keV

- ligh

ste

t traveling time across the
lar radius governs the

duration.

SHOCK BREAKOUT
\\ 3 /

P

UV/X-ray flash
post shock ~0.1keV

At~Rx/c

At~Rx/c

+t—>

2 O

[

time

=
&N
-
D

96

K & &S



Shock cooling emission

CORE COLLAPSE

CORE BOUNCE
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UV/X-ray flash
post shock ~0.TkeV

Optlcal

> after the shock breakout, the expanding gas
cools in adiabatic way (cooling emission)

> radiation-dominated (r=4/3, p~aTl4/3)

radius x10
— volume x103
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— pressure x 104
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— temperature x10-1.
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Shock cooling emission
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SHOCK PROPAGATION

CORE BOUNCE

> after the shock breakout, the expanding gas
cools in adiabatic way (cooling emission)

> radiation-dominated (r=4/3, p~aTl4/3)

— volume x103

p.=3x10'[g/c.c]

VR3

] Shock breakout

— pressure x 104
PocV-7

SN EXPLOSION
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Absolute V-band magnitude

— temperature x10-1.
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107 100 101
COOllng t|mesca|e oC ?star/Vmax Rest-frame days after core collapse
SN breakout emission in type llbo SN2016gkg

(Bersten+2018, Nature)
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Shock breakout light curves ”

shock propagation shock breakout  cooling envelope emission
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Shock breakout light curves

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 201 06)

shock breakout light curve as a probe of
explosion geometry
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Shock breakout light curves

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 201 06)

shock breakout light curve as a probe of
explosion geometry
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Shock breakout and circum-stellar materials

> Circum-stellar material/medium (CSM):
gas surrounding the star = EN

without CSM M
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Shock breakout and circum-stellar materials

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

optical light curve and spectra of type I[IP SN 201 3fs
(Yaron+2017)

Days from explosion (MJD-56571.12)
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Shock breakout and circum-stellar materials o

_ _ _ 1015 et 4O e early epochs

» Circum-stellar material/medium (CSM): e | ;
gas surrounding the star < [ ; o
g ' f
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Shock breakout and circum-stellar materlals%

with dense CSM S\HJL

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

/
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Shock breakout and circum-stellar mate

» Circum-stellar material/medium (CSM):

gas surrounding the star

> SN 2013fs: “typical” type lIP SN

> early spectra (t<a few days) show "narrow”

emission lines instead of
profiles

“broad”

P-Cygni

> This indicates the presence of dense/
ng the RSG

massive CSM surround
progenitor, but only In th

e vicinity

» confined CSM is more normal (>80%)7

Forster+2018, Nature Astronomy
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Type-Il SNe and SN 2023ixf in M101

Type || SNe: an exploding RSG with massive
H-rich envelope

st report by K. [tagaki(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: . . ;__?,, f;f-
abundant data available (pre-explosion/ TR O
post-explosion, light curve, spectra, } i
polarization)

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



https://ui.adsabs.harvard.edu/abs/2023ApJ...953L..16H/

Type-ll SNe and SN 2023ixf in M101

Type || SNe: an exploding RSG with massive
H-rich envelope

st report by K. [tagaki(2023/05/19/17:27
UTC)

host galaxy M10OT:
(Riess+ 2022)

D=0.9Mpc, m-M=29.05

The nearest CCSN in the last 10 years:
abundant data available (pre-explosion/
post-explosion, light curve, spectra,
polarization)
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Early emission from SN 2023ixf (Jacobson-Galan+(2023))


https://ui.adsabs.harvard.edu/abs/2023ApJ...954L..42J/abstract

> Type Il SNe: an exploding RSG with massive

>

Multi-messenger signals

H-rich envelope

Despite the proximity, neutrino/GW
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EM obs. and modelings of SN 2023ixf

Light curve modelings suggest an explosion
of RSG with 10Msun gjecta and
Eexp=0.5-2[B]

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

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

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

spectral modelings also require similar
mass-loss rate (10-3-102Msun/yr)

e.g., Jacobson-Galan+(2023), Bostroem+(2024)
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EM obs. and modelings of SN 2023ixf

Light curve modelings suggest an explosion

of
Eexp=0.5-2]

RSG with 10Msun ejecta and

=]

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

enhanced mass-loss episodes In the last
~10 years: ~10-3-10-"Msun/yr (or more) is

needed for

e.g. Hiramats

LC modeling (vwind~50-100km/s)
u+(2023), Martinez+(2024), Moriya+(2024),

spectral modelings also require similar
mass-loss rate (10-3-102Msun/yr)

e.g., Jacobson-Galan+(2023), Bostroem+(2024)
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EM obs. and modelings of SN 2023ixf

Light curve modelings suggest an explosion
of RSG with 10Msun gjecta and
Eexp=0.5-2[B]

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

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

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

spectral modelings also require similar
mass-loss rate (10-3-102Msun/yr)

e.g., Jacobson-Galan+(2023), Bostroem+(2024)
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EM obs. and modelings of SN 2023ixf

»  Light curve modelings suggest an explosion

of RSG with 10Msun gjecta and
Eexp=0.5-2[B]

> enhanced mass-loss episodes In the last
~10 years: ~10-3-10-"Msun/yr (or more) is
needed for LC modeling (vwinda~50-100}

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

» spectral modelings also require similar .
mass-loss rate (10-3-102Msun/yr)

Relative f \

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

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

| I |
— S\ 2023ixf (+2. 11)

M =102 M.

— M =10"%M.
M =5x107% M.
M =107 M.

H I \6563

—

|
-8 i

Velocity (x 10° km s™1)

113

| | | I [ I I | I ! |
. — SN 2023ixf _
~ — SN 2023ixt H I )\6563 -
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Early spectra of SN 2023ixf (Jacobson-Galan+(2023))
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»  X-ray: free-free emission.

>

EM obs. and modelings of SN 2023

possible Fe line detection

evolution of column density

mass-loss rate of 2.5x104[Msun/yr] at 4

days

Inconsistent with optical data”?

ixf e
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10_4 | Il ! 1 ‘. | | u
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Epoch EM Flux 0.3-10 keV Lum 0.3-10 keV Flux 10-79 keV Lum 10-79 keV
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NuSTAR X-ray spectra from SN 2023ixf (Grefenstette+ 2023)



EM obs. and modelings of SN 2023ixf

X-ray: free-free emission.

possible Fe line detection

evolution of column density NH Indicates a
mass-loss rate of 2.5x104[Msun/yr] at 4

days

Inconsistent with optical data”?
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X-ray observations of SN 2023ixf (Nayana+ 2024)
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EM obs. and modelings of SN 2023ixf 116

1 028 | | T | i T T T i |
[ B SN1993J (lib) @ SN2008D (Ib)

radio: synchrotron emission | @ SN2011dh (i) @ iPTF13bvn (Ib

@ SN2013ak (Ilb) @ SN2014C (Ib/lin) -

"_E“ oo @ SN2018ivc (IIL) @ SN20200i (Ic)
early non-detection: optically thick or low @ . v SreorEA
: =
density? 107} ;
.2‘ A 4
2 e,
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— — - —8
100 VW 115, km/s = o = a®
ol 26 \vZ ~
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2 \ SN2023ixf
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= Early radio upper limits on SN 2023ixf (Burger+ 2023)




EM obs. and modelings of SN 2023ixf

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 .
M

2
Ay, r

p:

104 g I T T TTTT1 | T T T TTT1 |
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— 23d
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Later radio detections of SN 2023ixf (Nayana+ 2023)
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EM obs. and modelings of SN 2023ixf

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?

10—10

1 1T i 1 1
X-ray:This work
Radio:This work
Optical (Zimmerman+ 2024)
Optical (Jacobson-Galan+ 2023)
Soft X-rays (Chandra+ 2024) -
UV (Bostroem+ 2024)

IR (Soraisam+ 2023)

IR (Jencson+ 2023)

Optical (Hiramatsu+ 2023)
% SNe lIP from literature

K2 24

o 0~
= \\\ S \\\
\\\ @ \\\ \\\ \\
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CSM structure inferred from SN 2023ixf (Nayana+ 2024)



2D radiation-hydrodynamic simulations

code as Suzuki+(2019)

> 8|\/|sun

RSG (£=0.014, Rpresn=1070

Mpresn=] 2.6Msun), MnNs=1.4Msun

Eexpo=1.0x10°Terg, Mni=0.05Msun

o0 or-2 CSM with cut-off at r=Rcsm

EoS: ideal gas with y=5/3

Christy (1966) (for computational
convenience)

2D rad-hydro simulation: similar simulation

Rsun,

12 species: H,He,C,N,O,Ne,Mqg,Si1,5,Ar,Ca,Fe

opacity: fitting formula(o,T, Xn, Xne) by

"

@ obs
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No CSM model: shock breakout 120

t=1.0x10%s 1.00x10°s 1.50x10°s 1.70x10°s 1.72x10°s 1.75%x10°s 2.00x10°s 4.00x10°s
> ]8Msun QSG

10.0
shock
/ 9.5
9.0
(Mpresn=] 2.6Msun)
8.5
> Eexp=10°1 erg velocity 8.0

7.5
» No CSM :

density

radiation
front

D

radiation
energy
density

0 1 2 0 1 2 0 1 2 0 1 2 0 1 2 0 1 2 0 1 2 0 1 2
x[10"cm] x[10™cm] x[10™cm] x[10"“cm] x[10™cm] x[10™™cm] x[10™cm] x[10"cm]




No CSM model: shock breakout 12

e— SN2023ixf

> 18Msun RSG o noesm Oops [deg]
(Mpresn=12.6Msun) ] A S ©=10,20.30.40 {24
| é % é :
60 110
> Eexp=1O5lerg %
= 120
No CSM -
© 30
T
o0 40
)
> Shock breakout + cooling emission : 50
ki
> monotonic decrease in the luminosity and B °0
temperature o 70
)
~ inconsistent with SN 2023ixf light curve 80
- |

> but, maximum velocity exceeds 10,000km/s 0 5 10 15 20 25 30
time [days]



No CSM model: shock breakout

>

>

>

18Msun RSG
(Mpresn= ] 2.6Msun)

Eexp=1051 erg

No CSM

Shock breakout + cooling emission

monotonic decrease In the luminosity and
temperature

iInconsistent with SN 2023ixf light curve

but, maximum velocity exceeds 10,000km/s

T [K] v[10%km/s]  p [g/em?]

4mr’F lerg/s]

t=1 06 [sec]

10~ :

Jo-8l.density e s -

10t velocity e

10 8 _temperature ......................... ............................... ............................... ..............
10 T ............................... ............................... ............................... ..............

radiation froht

................................

...........................................................................................................................

i~ i

L SRR PP

1011 1(|)12 1013

10* 10

r [cm]

15 1016 1017
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Spherical CSM model: delayed shock breakout

t=1.70x10% 1.80%x 10°s 2.00x10°s 2.50x10%s 3.00x10°s 4.00x10°s 6.00x10°s 8.00% 10°s

» 1 8Msun RSG
(Mpresn=] 2.6Msun)

> Eexp=1051 erg

> 0.05Msun Spherical CSM

» Resm=06x10T4cm

) radiation
energy
=1 density

0123401234012340123401234012340123401234
x[10"cm] x[10™cm] x[10"%cm] x[10"“cm] x[10™cm] x[10™™cm] x[10"™cm] x[10"cm]
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Spherical CSM model: delayed shock breakout

18Msun RSG
(Mpresn= ] 2.6Msun)

Eexp=1 05‘erg
0.05Msun Spherical CSM

Rcsm=06x1014cm

delayed shock breakout

luminosity peak is at ~3-4days
| C evolution looks similar to observations

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

LboLiso [€rg s7']

Lboriso [€rg s7']

Lboiso [€rg s™']

1045_

1041

®

SN2023ixf

= NO Csm

__________ S ... ©=10,20,30,40 -

0 5 10 15 20
time [days]

—24

d-14
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Spherical CSM model: delayed shock breakout

> 8Msun

(Mpresn= ] 2.6Msun)

RSG

> Eexp=1051 erg

> 0.05Msun Spherical CSM

» Resm=06x10T4cm

» delayed shock breakout
> luminosity peak is at ~3-4days
> LC evolution looks similar to observations

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

T [K] v [103km/s] p [g/cm?]

47tr’F lerg/s]

10~4
1078}
10—12
10—16
10—20
10—24

1011 1012 1013 1014 1015 1016 1017

r [cm]

t=1 06 [sec]
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Disk-like CSM model: hybrid shock breakout

t=170x10°s1.75%x10°s 1.80x10°s 2.00x10°s 2.50x10°s 3.00x10°s 4.00x10°s 8.00%x 10°s

4 log1o(E,) | radiation
2
=) radiation
energy shadow
=1 density region

0123401234012340123401234012340123401234
x[10"cm] x[10™cm] x[10"%cm] x[10"“cm] x[10™cm] x[10™™cm] x[10"™cm] x[10"cm]

» 1 8Msun RSG
(Mpresn=] 2.6Msun)

> Eexp=1051 erg

> disk-like CSM with
0 disk=20deg

> Mcsm,iso=0.] Msun

» Resm=2x10"4cm

z [10"cm]
(@)
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Disk-like CSM model: hybrid shock breakout

>

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

I—boI, ISO [erg 5_1]

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

LCs with intermediate angles show more
complex evolution . Oobs

I—boI, ISO [erg 5_1]

"

I—boI, ISO [erg 5_1]

/B

e— SN2023ixf

= NO CsMm

@ 10 20 30, 40
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Disk-like CSM model: hybrid shock breakout 128

shock breakout

_ CSM-powered *— SN2023ixt
>~ Even around the symmetry axis, CSM- |  necsm Ous, [deg]
powered emission can be observed. — 10%} . ©=10,20,30, 40_ —24
I z
o0 110
» Thermal photons initially diffuse up and =
down (smaller optical depth than equator) 3 |2
30
Oobs=1 Odeg shock breakout -
CSM-powered e
00 40
ko)
g 50
il
60
T
o 70
ko)
8 80
_|‘°
| 5 i i i 5 i 90
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X[10"cm] X[10"cm] time [days]



Disk-like CSM model: hybrid shock breakout

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

>

>

SB emission is difficult to hide even
through the equatorial plane

dust extinction?

work still in progress!

012 34
x[10"*cm]

012 34
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@obs=80deg
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https://ui.adsabs.harvard.edu/abs/2024Natur.627..754L/abstract

z [10"cm]

Disk-like CSM model: hybrid shock breakout 130

> maximum velocity still exceeds 15,000 [km/s] along 50 [de(]

» 15,000xc0s(307)~13,000[km/s]
. 6=]O[deg], t=10_6 [sec] _ 9=50[dzeg], t=1Q6 [sec] | 6=:8O[d:eg],:t=1(:)6 [sep]
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Progenitor and pre-supernova activities



Pl‘e-supernova image Pre-supernova image 132

Pre-supernova activity

> pre-supernova image: check archival
data(HST, etc) to see If the pre-
explosion star is resolved.
— progenitor luminosity function/mass

1 Luminosity

distribution
> pre-supernova activity: check any lW\ /\ -
possible variability/non-variability of the
pre-explosion stars in previous transient 1 Luminosity
surveys Type Il SN
Type [IP SN2008bk @ pre-SN, SN, post-SN image & spectrum (Smartt 2015) \
I

time




Pre-supernova image 133

~20-30 Type 1P SN progenitors Type [IP SN2008bk®dpre-SN, SN, post-SN image & spectrum

/AMS mass estimate from
evolutionary tracks in HR diagram

Miow~9.5Msun, Mhigh~] 0.5Msun for
Salpeter IMF? (Smartt 2015)

On the other hand, nearby star-
forming galaxies host ~25Msun

2 — T _ T L B | S — ;
RSGs--+? (RSG problem) - : % i Vode
1.5/ ? - = | -
Lo | Tl |
2 ’ s= 2 2| (33 f “
~ = | || ‘; Ehhdls €33 | P | rv e
O i i
0.5t 1, "‘ VIV MY y, 1‘._, WL AR 2 | | T
200 1500 5000 5500 8000 6500 7000

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



Pre-supernova image

~20-30 Type lIP SN progenitors

/AMS mass estimate from

evolutionary tracks in H

R diagram

Miow~9.5Msun, Mhigh'*-l 0.5Msun for
Salpeter IMF? (Smartt 2015)

On the other hand, nearby star-
forming galaxies host ~25Msun

RSGs:--? (RSG problem)

IOQ]O(L/Lsun)

dN/dM « M-2.35

1

1

1

1

1

1

1

1

1

1
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o.bfF T T I e P ‘ .
- STARS trocks 3
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6.0 = ~ o
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= // A -
5.5F RS —J =
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5.0F /( ‘% '—{( W
4.5 = ¢ I detection : =
% \ 4 upper limit ?
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é * SN2009ip 3
35F E
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Iog1 O(Teff/K)

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

~20-30 Type lIP SN progenitors

/AMS mass estimate from

evolutionary tracks in HR diagram

Miow~9.5Msun, Mhigh*‘] 0.5Msun for

Salpeter IMF? (Smartt 2015)

On the other hand, nearby star-

forming galaxies host ~25Msun
RSGs:--? (RSG problem)

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

Log L/Lg

RSG population in M31, Neugent+(2020)
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Pre-supernova activity

SN 2009ip, Maruerhan+ (201 3a)
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there should be some activity in pre-SN
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PS1/YSE g-band
+6 days since first light

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

wave-driven? binary interaction?

there should be some activity in pre-SN
stage (SN precursor)
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SN 2023in progenitor? Kilpatrick+2023138

https://ui.adsabs.harvard.edu/abs/2023ApJ...052L..23K
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https://ui.adsabs.harvard.edu/abs/2023ApJ...052L..30J/abstract
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» Kilpatrick+: logio(L/Lsun)=4.74+0.07,
Tefr=3920+200_1g0K

> Jencson+: logio(L/Lsun)=5.1£0.2,
eff=3500+800_1400K (GRAMS)

>  Niu+: |Og10(l_/l_sun)=5.] 1, Terr~3 700K (C-riCh
dust)

»  Soraisam+: logio(L/Lsun)=b5.2-b.4 (P-L relation)
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Rodriguez+2022, SN-IIP progenitor luminosity
https://ui.adsabs.harvard.edu/abs/2022MNRAS.515..897R/
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HR diagram M zams [MQ]
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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=1049-10°2 at core-collapse.

models are call

HR diagram ar

brate to reproduce
d period-luminosity

relations of RSGs

11T models are
collapse

computed until core-

AS&Shigeyama (20257)
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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=1049-10°2 at core-collapse.

models are call

HR diagram ar

brate to reproduce
d period-luminosity

relations of RSGs

11 models are computed until core-

collapse

logio[L/Lo]

V1
o

V1
o

d
N

Ul
N

V1
o

P
o

4.6

4.4

AS&Shigeyama (20257)

e M31RSGs
O Galactlc RSGs

5.8
o M31RSGS

) = Galactlc RSGs

3 4200 4000 3800 3600 3400
period Py, [yr] Tefr [K]



.....................................................................

s . =
—— i —— — — e — —

S — A S S S S S
s . ]

— ] —— — —] — e ] e ] ——— —

O — S —

14Msun model

NN <FTM™MAN
O O
—i

[©7] 7 [M0L]#°1 [©¥01] Y

tcc —t [YFS]

tability

INS

RSG pulsation and

> open-source stellar evolution code

SA (Module for Experiments in

Stellar Astrophysics )

Lsun=1049-10°2 at core-collapse.

M

> 13-18Msun RSGs Covering L/

» models are calibrate to reproduce

HR diagram and period-luminosity

relations of RSGs

> 11 models are computed until core-

collapse

AS&Shigeyama (20257)



tability

INS

RSG pulsation and

. . . . -
R R L R R R LR

— ] —————— —— —— e — ————

| -
O
+ —
— O ~
> L —
x 9 5 T
052 B
O S5 T Q
i o)
S Es
_h_bmw
SR S
= N >N ™
.55 E
-
O
O 5 X v
5 —
o E i BE
wn -+
ot <
5 8 =
S o 3 >
.nlvms Al
e.mm m
< & 5 =
A

N
[M0L]#°1 [©¥01] Y
@)) < QN @)) LO ) ) Q\|
nl1o o |0 | — | N |N|N
O O | — — | — | — | — | —
O | O LO

AS&Shigeyama (20257)



14Msun model

.....................................................................

s . =
—— i —— — — e — —

S — A S S S S S
s . ]

— ] —— — —] — e ] e ] ——— —

O — S —

100 =S
10—2bmm{mmmTMMLMM&MM%WW%MWMMMM_mm

tability

INS
tcc=20-0.5 [kyr])

RSG pulsation and

<

-

(

> We pickup 8 epochs

10—4_Wmgmmm;mm;mm;mm;mm¢mmmmmmmwu

and restart simulations with much shorter

time step At(=bx10-4yr < 0.2 days)

[M01]#°1

14.0Msgn, epogh 7 (tgc-tini= 103yr)

[©¥01] Y

POAFHMSA[OYOLT Y [©] 7 DI0L] #°L

60 80 100

40

20

tcc —t [YFS]

AS&Shigeyama (20257)

t — tini [yr]



RSG pulsation and instability

turatlon

We pickup 8 epochs (t-tcc=20-0.5[kyr])
and restart simulations with much shorter
time step At(=bx10-4yr < 0.2 days)
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RSG pulsation and instability

turatlon

We pickup 8 epochs (t-tcc=20-0.5[kyr])
and restart simulations with much shorter
time step At(=bx10-4yr < 0.2 days)
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RSG pulsation and instability

P=1.18[yr]

=
o
o

ML e oo e e P eee e e asauee)eeeeeeannnneeeeeeessneennnnnnessennnnnieeodosessennnnnneeeeeseetoneden s toeeannn NN seesyeoeetenneeeseeeeteeeeieteeteeaennleeteteeietteeentteiitttttNnseeretetrttesessnrrrranes

(1l ............................................

aturation
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RSG pulsation and instability

models with Mini > 15Msun suffer
from radial pulsation runaway (vsurf >
Vesc)

IT we assume eruptive mass-loss for
these stars, we do NOT expect
normal type I[P SNe

iInstead, we get type [In SNe?

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

work still in progress!
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Introduction

Evolution of exploding massive stars

Early emission and past/recent observations
Progenitor and pre-supernova activities

Summary
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> |n each phase, properties of exploding
stars can be obtained through LCs and

spectra (+ multi-A obs.)
star/ejecta Research

evolution trend

> pre-supernova image/activity Lpeak~10%42erg/s )
— progenitor properties/activities _MA_/\_
» SN shock breakout/cooling A Luminosity Eme
H
emission Type Il SN

— explosion dynamics, stellar radii o
» photospheric/plateau phase Lplateau~1042erg/s
— explosion dynamics, stellar mass -MA_/\—

> nebular phase

>

— stellar interior, nucleosynthesis Hme

= SN remnant phase



