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=== = 25M@E with normal ordering
smmmmn I5M@ with inverted ordering
15Mg with normal ordering

=== 1 5M@ with inverted ordering
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Background only

200 400 600 800 1000
Distance [pc]

before a few days

=>A wealth of information on a progenitor and explosion.
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= A wealth of information on a progenitor and explosion.



Evolution of SNe and observational signatures

Opt-IR

| Opt-IR
7 IRadioFX
& Y optR
.~ VHEYy

day - year

decade - centuries



Observational Characteristics of Supernovae

* > 1000 discoveries a year (dep. on surveys).

— Only a part (nearby) observed in detail.
e Distance >~ 10 Mpc (extragalactic).

—Point sources (except for a few by HST/A:O/i/LBIvZ);‘

— Typical maximum mag. V >~ 16 mag (roughly).

AN

 Most of obs. = Optical.
— Imaging + spectra (time-dep.)

1 Interpretation
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D [N
SN Classification Core-Collapse (CC) of

a massive star

SN 2006jd

SN 2006tf

day ~60

-
0
=
=]
=
+
E\
=]
-
o0
o
—

4000 5000 6000 7000 8000 9000 10000 11000
Rest Wavelength (A)

Emission lines of hydrogen
= Interaction-powered (Crash between the SN ejecta

and CSM, i.e., pre-SN wind/mass loss)
The nature of SN material is largely hidden.



End of massive star’s life (observationally)

Hybrid #1

18.7 Mg
Ib

7.1% TN 230 Mg

_Binary?
(Ilb + Ibc) 27.7%
SOAL + (Ie) 8.8%

Ibc-pec 4.0%

Iin | ?Slﬂg le?

8.8%

Core-Collapse SN Fractions

Nearby Volume-limited sample
(Core-collapse only: Li+ 2011)

Mass loss (wind or binary):

t IIn: explosions of what? Huge mass loss: 77?

Ib/lc: explosions of He/C+O stars (Wolf-Rayet, WR?): Small
lIb: A small amount of H-envelope (< 1 Mg): Medium?
lip/lIL: explosions of RSGs (Red SuperGiants): Large

Initial Mass (Msun)
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Initial orbital period (d) Sana+ 2012




Progenitor — CSM - Explosion

Mass
Metallicity
Rotation

Mass loss by Binary

stellar wind

Instabllities

Binary

Diversity within the

i same mechanism.
‘ Even different 1 =
NEERIS




Observations of supernova
progenitors (and progenitor systems)



Progenitors g Supernovae

Red F e Type II-P
Supergiant *
Blue e O, SN 1987A

Supergiant %~ (faint, slow)

[BV Type lIn
(n Car) #® ~ gl

Late W-R i . Type ITIL/TIb
(WN) %. ; : I w— (little H)
Early W-R @” s Type Ib
(WC/WQ) =%~ ° . (H, He)
Massive e - | ( Type Ic (He)

Binaries P



Typically a few years before the SN

Progenitor search in Past images

SN 2005¢s |
Hubble Space Telescope (HST)
(Wang«& Filippenko)

.
T4
Before Supernova

Near Infrared
January 21, 2005

< ~ 30 Mpc with HST (Hubble). K& L3
Good for SNe llp (Giant, bright in optical)

Bad for SNe Ib/Ic (Wolf —Rayet, bright in UV, not in opt.)

The best cases = The progenitor “candidates” gone after the SN.
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Observed WRS in iLMC

Wha Wha WN7 W& WHN5 W4 WN3 WNZ WH1

WR 'lf-:::; W3
Wolf-Rayet spectral type yp e

= Something unclarified is happening within << 10° yrs ?
(a challenge to stellar evolution theory)



A candidate progenitor of SNe Ib/c
The first detection of a candidate in 2013: IPTF13bvn

Massive Wolf-Rayet? |’ = . /.
(Mms > 20|\/|@) Cao+ 2013 '
SN Light curve indicates 5 ‘ ==
a compact progenitor, . /ch .,.,‘.’f'“"s“""”‘*
but less massive | ; R ‘
(Kuncarayakti, KM+ . . i
2014). Controversy. - | EJ ¢

L : F435W F555W

Further HST
observations in last

August, now analyzing [ sf
(Folatelli, ..., KM+ in prep.) = 18 ,

ey |

ln
\

ﬂ' F814W

lr‘!
s |
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N YSG
AT ~ GOOR
Pru;:emto:r @

Van Dyk+ 2014
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YSG Progenitors for 3 SNe llb (out of 4)

“Classical” YSG:
Expanding rapidly towards

leaving the main sequence,
spending only a few
thousand years in that
phase.

Progenitor = YSG :
Van Dyk+ 2013 Not considered as a

“SN progenitor”,
but one third of Ilb
progenitors!
Indication: Binary.




Another one: SN |

\'IF PC2EI00W =

Pre-SN point source :
Crockett+ (2008) ‘

Analyses of late-time HST L G0
Images by us show that it ‘

. . g
consists of multiple stars. i ‘
Folatelli, ..., KM+ (2015)

B FPC2/FEOSW

Now, the SN has faded. @
A fraction of light gone. L&
= Progenitor.

w,rl - . ,J\ C3/F814W \
’ A -

-~

-‘ Y
N e u
X3 - - v
- & 3
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= Real progenitor was a Blue-

superg |ant (BSG SN 1987A')

|'rr

=
o [A]
LI L B

[

f, [107'% erg s=* cm~2 4-1]

C
+ 5
|wl_lﬁl

C |'"r A |I.
'

o

pre—5N

———— A+ B+C

Pre—SN ® pre—SN

- A+ B+ C)

+ SN @ 1224 d
¥ SN @& 2063 d

Progenitor

08—B0Q V star

= Pré-SN — (A+B+C)

elated stqrs

. L

E_,_ ,". * * ¥
TSM@ ¥.10Q0 ays

]

pre—SN — (A + B + C} A
B8 la star -
AG [a star
Bl Ia star
Grohi et al. (2013BbT]|
28 M, rotating _|
- 25 My mon-tot

- 20 M, rotating

—
C T

BG BSG Folatelli, .
KM+ 2015

f, [1071® erg st em—= A-1]

IIII|'| 11 1 | 11 1 1 | L1 1 1 | | I N | 11

4000

6000
Wavelength [4]

6000 8000
Wavelength [4]




Direct Detection of Companion (Candidate)

2005: pre‘explosion nova gy 2011dh: YSG progenitor

. ¥ . If the YSG is a result of a
binary interaction, we

1 ]
should see a massive &

Binary
Rrogenitor ————-
.

'v

- -

. Sl B blue main-sequence

companion starin UV
(accreted > 10My,).




Folatelli, ..., KM+ 2014, ApJ, 793, L22

Direct Detection of Companion (Candidate)

T T T
I |
BOV
At )
24 || 7 =

F336W .-
aosv &% HST blue source

e »
B1V -
: . Observed
— -
s 2D ® —
= B1.5V 7 WA=00
E
= 32".".. SN + companion _
© : o ‘4
[ap] (w,/ Galactic extinction
@

- SN (estlmate) -
i 3 supernova -.‘!Q,lll.: cOghpanion star

.

' F2’2éW'-F'3'3('3W' MR o g
- F225W — F336W [mag) - = ,: 7 ‘ =5\ » .

Binary il A } —A 4T & 2N —A
Rrogenitor —== ' > Yrpani « v



Caveat: very diverse, may come from multiple populations

SN lIn Progenitors and Environments

~10%L4: Luminous Blue Variable (?) > 50Mg
SN 2005¢!
Gal-Yam & Leonard 2009

A challenge: LBV (RSG=WR)

3 Myr

is NOT regarded as an SN N\

progenitor in theory (again!). 7 My?
Low-metallicity: ~ 0.3Z4 J : 10 Mye
Life-time: ~ 3-5 Myr . |

SN 2010j , | 4000A
Smith+ 2011




Pre-burst activities of some SN (?) lIn

(At least) Two “SNe IIn” showing pre-burst activities.
SN or not (whole star disrupted or not) ?

SN 2009ip (“SN” in 2011) now below the pre-burst luminosity
In 2015 (Thoene, ..., KM+, 2015, ATEL #8417),



Another example: Type “lbn”

, SN Ibn 2006jc

Pastorello+ 2007 a

’

; |
Dec 2001 Oct 2004

2 years

€= = = = = = -

»

Sep 2006 Oct 2006

SN 2006jc resembles type lIn (emission line dominated)
but He (not H): Thus termed Ibn
=He-rich mass-loss, 2 yrs before the SN.



Summary for the direct progenitor obs.

 SNe llp: RSGs as expected, but is it the whole story?
(e.g., RSG problem)

* SNe Ib/Ic: Seems to be compact, but not like a WR star
we know. Binary? Final evolution?

 SNe llb: Huge diversity, YSG, BSG... Binary?
 SNe lIn: Really LBV? Evolutionary path totally unclear.
 “SNe” lIn/lbn: Pre-SN activities... what?

Pre-SN progenitor within a few days to explode (pre-SN v!)
will revolutionize our understanding of the final evolution
toward SNe (currently ~ year or so before the SN).



Observations of supernovae



After the Fe-core collapse (> 10M)

Core Collapse Proto Neutron Star

»
A

a b

Bounce Stall = v¢heating SUBSLova




Explosive Nucleosynthesis at the shock

The shock penetrates
Into the outer layers. The
high temperature there
Induces explosive
nucleosynthesis above
the Fe core.

DynamiCS [p(rit)i T(r!t)] ~ 1018 cm
= Nuclear reactions [X(r, t)]



* Fe-core Collapse = Shock reaching to the surface.
* The v burst = Electromagnetic radiation.

Matzner+1999 a

* RSG (llp): 1000Rg, 10Mg
= a few hours.

-After explosion

(vgv,]}gjfp,}ﬁi o ° WR (Ib/C’?) 1R@, 1'10'\/'@
= a few 100 sec.




= T/10°K at the
© 0 peen (M) passage of the shock

(@) (b) (i.e., peak T)

Flasi B, /\
ﬂ' e & o o jﬁNl(shock) T

\ﬂp‘“f’ P ¥ hNI(WInd)ﬂ
Rw
® Mg =M, °

* Toc(E,/R3)Y4



. TOC(EK/R3)1/4

%N, He, Fe-peak

SI, S, Fe, Ar, Ca, Fe-peak

O, Si, S, Ar, Ca N
a Il % ¥

O, Mg, Si, Ne (‘mass cut’) ,
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IME (Si, Ca...)

Mass: Larger IME (for larger mass)
Energy: Larger Fe (for larger E) + Fe-peaks (e.g., Zn, Ti)
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Ni: 7%

O+Ne+Mg: 3%

C - 3




Shock evolution
(time relative to

=1 hr Shock breakout).>

Eiﬂ
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Shock Breakout: detected cases

2008 January 7

2008 January 9

SN 2007uy O

Soderberg+ 2008

SN 2008°

SN 2007uy O

Again, something |

missing in pre-Si
for SB physics@ﬁ

SN Ib 2008D
X, ~afew 100 sec
= compact, but >> WR?

SN lIp SNLS-04D2dc
UV, ~ 6 hrs = RSG.

Puas AR tL H s&,fse ristie




» SN2D0TI] !
EDE5a05a0
= S0S514000
| » SDSS1EI 01
SH20
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“Post” Shock Breakout (Adiabatic Cooling)

. . oL Expansion
E+PV=€——~0
+ €~ pdv  (dv/dt)
_ _ work
Temperature Luminosity
4

E,P T 0L L E
T R v OM M 144
r R R _ kM
T xR 1 oxtl I peR l

LNEER&e—f(t) Diffusion

2M Kk First phase:
Fully Optically thick
Cooling by Adiabatic loss
Photon diffusion



SNe llp (RSG) SN Ilb 2011dh (YSG)

uvmsa
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Bersten, ... KM+ 2012
R@=>Wolf Raye

] el bdd

0.1 1 10

BO 100 120 0 20 40 60 80 100 120 ave
Approximate Days after Explosion t [d‘-‘yb]

days

Largely consistent w/ Progenitor radius from the
“direct” detection.



SN Ilb 2008ax (BSG) SN Ib IPTF13bvn (WR?)

425

"'1.-|.J

SN 2008Bax
2R,

Bersten+ 2013
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Folatelli, ...
KM+ 2015

Time since explosion [days]

Largely consistent w/ Progenitor radius from the
“direct” detection.



Further Energy Budget for EM radiation

Homologousiy Expanding Ejecta

Initial thermal energy ' ‘\
Important for large R (less adi. cooling)

,’% '\
2 Shock wave (Crash)

."‘_w.f‘ ¥,

| 7 Kinetic=>thermal
- Ao N
. ?9( ~Important for dense CSM
Radioactivities
Non-thermal=Thermal

Important for more nucleosynthesis (e.g., large E)
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§9Co (1., = 77.124)
4t Ep;=4.506
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PDecay Gamma-ray
(Nuclear Levels ~ MeV)

Thermal Energy | e
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flux ( photons em™ s™' )
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New insights: e.g., need for R-T mixing (pure 1D models too opaque).




Another example: SN la 2014)

Galactic latitude [deg]

140 145
Galactic longitude [deg]

IKI.MPA and INTEGRAL Team
SN2014J

400 500

500
Energy [keV]

i
pres

SN la 2014J @M82, 3.8Mpc

@ 20 days (INTEGRAL):
Diehl, ..., KM+ et al., 2014, Science

@ 50 — 100 days (INTEGRAL):
Churazov et al., 2014, Nature

@ 75 days (Suzaku):
Terada, KM+, submitted



Astro-H

simulation
(for la, though)

-~ DD2D_asym_04_dc2 05Mpc, Mni = 1.02 = W7 05Mpc. Mni = 0.64 2 DD2D_iso_04_dc3 05Mpc, Mni = 0.42
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Diffusion of radioactive-powered optical
radiation (for SNe Ib/c)

Parameters [M,;, E, M(°Ni)]

r—A \
| Light Curve | | Spectra |

T~ [Tdyn ¢ Tdiﬂ‘usion]l/2
[ R kM ]1/2
"LV "Rec
£ HMME V= [EIMe]

56N |
L flux

1\\7‘L

°CFe

o

day wavelength



Spectra @ ~ 2 weeks Light Curve @ 1st month

SIH
1998b | 03
(11 MayW1998) \ 03Iw GRB

l Olcan \ “ \98bW
| \J\ R "0631 .,

- Line Width oc EY2M~12 |, [ | |timescale oc E~14M3/4
VAL
2006 941 ™

(6 Mar 2006) . Normal , ,
6000 . 8000 A(/AR T P g0 H

Broader

High-E event
Mei/Mg Line width

M - - LC width

E., (10°terg) lwamoto et al. 98
Mazzali et al. 06

M(56Ni) - - Maeda et al. 06




=Progenitor mass
Explosion energy

= M(56Nii)

Diversities.
A good fraction from
a binary path?

=
o

Kinetic Energy (1051ergs)

o
—_

Faint SN Branch

T T
|
—

97el Hypernova Branch

99br Faint SN Branch
Updated from Nomoto+ 2003

20 25 30 35 40 45
Main Sequence Mass (M .)




Flux

Wavelength (A)

* Innermost

at the explosion.



A powerful way to
probe explosion
from EM radiation.

. - : NN
vic - : ",'j.i- * 3

KM, Kawabata+ 2008<—Subaru/FOCAS



Kinematics (late-time spec.)

I :
velocity 6000 km/s Mode Observation

Core-collapse

KM+ 2008, Science %S ' on-axis "‘

Near Side

Viewed sideway
—p —
wavelengh wavelengh

zero velocty zero velocity

g Type la SNe
KM+ 2010, Nature

W emmm Gemini (8m) etc.
Different type of
explosion geometry

Normalized Flux + constant

KRR

QXCRE
RSX
R

>
DX
R

0
-20000 -15000 -10000 -5000 O 5000 10000

Blue v, [km s™'] ([Ni I x737sRed @ v S | g n al



Summary for the SN observation.

e Shock breakout, post-SB < progenitor radius:
qualitatively consistent with progenitor detection (?),
but discrepancy especially for SNe Ib/c.

» “Peak” phase © mass, energetics, >°Ni: Relations
between these quantities. Explosion Mechanism?

e “Late” phase < kinematics, nucleosynthesis @
explosion: Strong probe for explosion from EM radiation.

e Little information on the SN nature for SNe lIn.
* Radioactive decay: Easy to get for a Galactic SN.

Connecting v burst to EM signals will be key in
understanding the explosion mechanism (will give an
important calibrations for all the EM method!).



Observations of supernova on-site
environment/Cicumstellar matter
(= mass loss in the last decades to
centuries)



Further Energy Budget for EM radiation

Homologousiy Expanding Ejecta

Initial thermal energy ' ‘\
Important for large R (less adi. cooling)

‘A4

A\

A}

®Shock wave (Crash)
Kinetic=>thermal
_Important for dense CSM

P
| ?:ar(

Radioactivities
Non-thermal=Thermal
Important for more nucleosynthesis (e.g., large E)



— Progenitor + breakout.
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— Ejecta mass + Energy.

— CSM/ISM density.
— Cosmic ray acceleration.

(t /1 day)(v /5 GHz)

Flux Density (mJy)

ALMA ToO conducted (KM+)




Radio in first few days
= Shock velocity
= Progenitor radius
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Consistent with “single stellar wind” from YSG.
However, not enough to get rid of all the H-envelope

=>Binary Interaction in the past (delay to the explosion).



(b) SN 2013df (626 d, smoot]
SN 2013df (626 d)
SN 1993J (670 d)
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Ha =Mass loss: ~ 5 10> Mg yr for 20 km st (> 10 x 2011dh!)

Relation to Progenitor and mass loss (know 1O model prediction!)



2007-02(x50000)

2008—-06(x500)

2009-11(x10)

T
5}
-
T
5]
7]
=
(o]
=
=
]
)
=
5
N
=
=
-
e
=]

—

>
n.._...-
=

U

=

M

i

0]

un
°

0

un

i8]

=

Ratio

> -SN IIn 2005i
| (SWIET+$§QQ&#% L

Energy (keV)

20 30 40 50 60 70
years before the explosion

> 1073 Mglyr for all SNe Iin ~ 102 Mg/yr for 2005ip

Mostly steady state mass loss, not  Decreasing CSM density
eruptive events (# LBVSs).
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Supernova 1987A « 1994-2006
Hubble Space Telescope + WFPC2 + ACS

NASA, ESA, P. Challis, and R. Kirshner (Harvard-Smithsonian Center for Astrophysics) STScl-PRCO7-10b




Summary for the CSM observation.

e Basically sensitive to the CSM density and environment:
Many unresolved problems regarding the progenitor
evolution in the final days to centuries.

 Connection between the progenitor and mass loss for
SNe lIb/Ib/Ic, crazy huge mass loss for SNe IIn.

* For an SN @ Galactic center, radio (and X) may be a good
alternative to optical counterpart search.

* Radio an for example provide an independent measure
of progenitor radius if observed in the first few days.

Again, especially pre-SN v detection can be a key.



Yet further for a next galactic SN

e So far mostly for SNe @ > a few Mpc (except for
SN 1987A @ 50 kpc).

e Of course there are many diagnose observations
(almost) only possible for a Galactic one —so a
few examples (among many)



Resolved Imaging/spectroscopy

Optical: SN 1987A (50 kpc) Radlo SN 1993J (2.6 Mpc)
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Supernova 1987A « 1994-2006
Hubble Space Telescope + WFPC2 « ACS

Center for

R ~ 0.01 pc (V/10,000 km/s) (t/1yr) o
0.04 pc/1” @ Galactic center

HST or 8m AO: ~ 0.15" = Spatially resolved in the first year
30m AO (e.g., TMT, 2021-?): ~ 0.01”111 (0.0004 pc @ GC)



Echo: Fully 3D diagnostics
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Especially around Galactic center, many scattering clouds.
Collect the light emitted at “all” the directions (3D nature in the
explosion<v burst).



Summary

Mass
Metallicity
Rotation

Mass loss by Binary

stellar wind

Instabllities

Binary

Diversity within the

i same mechanism.
‘ Even different 1 =
NEERIS




Summary

Mass loss by
stellar wind

Instabilities

Binary //

Inner debris of the  Siso
Supernova 1987A
(SN 1987A) ring

Mass
Metallicity
Rotation
Binary

Diversity within the
same mechanism.
Even different
mechanisms.



Let’s Go Supernova
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