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. Shock heating #8¥1£ (1I-P, II-L, 1Ib%Y)

. SNe in Binary Systems

(R EEORRGENFRIREBHE
4. Shock breakout & cooling phase
5.SN1987AM (FRE D) 5k

6. SNe Ic & Ic-BL (hypernova)
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9. Super luminous SNe
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I I Shock heating
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Shock heating 2% £ (II-P, 1I-L, l1bZEY)

* Shock heating Baklanov et al. (2005)
—I-P B EBHED KLY
Plateau® JLiR o Homuinwmaxin’

i Plateau
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(3FEYMass LossZE L TLVELY
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Formation of LC plateau - 1’

Recombination front moving inside in M,

5.5 T T T ]

log T, K

Ejecta Mass, M /M,

A model for SN 1999em, Baklanov et al.(2005)



— recombination front
(photosphere &IEIX—E)
XE = EE ’CE%&VWU
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The photosphere at plateau

A model for SN 1999em, Baklanov et al.(2005)
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SNe in Binary Systems: II-L, llb, Ib/c
Single M,~M, M, »M,
“Conservative” “Non-Conservative”
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(WN, WC) SN IIb
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50 Hypernovae*
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BCERDZWNWEITE
Mass Loss HhYZ LY

HEMNEES (SN I#IZ15D)
ﬁili%ljZE(?b?ﬁ\o'CL\?&L\
(mass loss rate IZARTE#)

Mass Loss Rate
L

SNIc SNIb SNII

M ~ A(L, Tejff)Zoj -
Teff



® Mass loss rate

OB stars

Red giant branch msd de Jager et al. (1988)

== Vink et al. (2001)

% 7085

35

2010

Z:: metallicity
Z.5=0.02

o« 205 (R f7 1 %22 360

(e.g. Kudritzki and Puls 2000)

Wolf-Rayet stars == Nugis & Lamers (2000)
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/INE =, metal poor =) Red giant/\E{L
KEE, metal rich =) Wolf-Rayet £\
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Smartt et al. 2009 (observation), mnras, 395, 1409
HEOEBREZRAWIHEEDHTE

e stars above an initial mass limit around 17-18
M_do not explode as type II-P supernova

e Suggests no RSG above 18 M (?)

* some observations (Smith et al. 2004; van Loon et
al. 2005) indicating that red supergiants experience
stronger mass loss than presently accounted for,
which has led recently some authors (Yoon &
Cantiello 2010) to explore the physical mechanisms
responsible for this.

FEHEEREADZEFH A Mass Loss° BERFIRIZ K HMass LossliE ?



log (L/Lo)

5.2
51 |
48| LA
46 |
4.4}
4.2t

—__~‘

e —
"—-—-—'

Curves: our model

4.

6 44 42 4 38 36 34
log T o5



E4Yi)
SN1987A
SN1993]
SN19941
SN1997D
SN1998bw
SN1999em
SN2002ap
SN2005bf
SN2006gy
SN2006jc
SN2008S

SNe Ia

SNe II-P,L

SNe Ib
3/9

i EfEpc
51.4k
3.6M
8.3M
17.3M
43M
7.8M
IM
TOM
73M
26M
1.9M

Type
II-P
[Ib

Ic

11
Ic-BL
II-P
Ic-BL
Ib

IIn
Ibn
IIn

(ELEZH)) B DB AL E

WIE &
16~22M,
12~15
13~15
20~407?
35~45
12~14
20~25
25~30?
> ~100
(25~30)
9 (~15?)

= NARREEHE

e KB | HARAE(S) or #AE(B)

-14.3

-16.7 (+C)

-14.4
>-14.0
-18.7
-16 (+CO)
-16.7
-16.2
-21.8(R)
-17.8
-13.9(R)

-19.0(Ave)
-16.9(Ave)
-17.1(Ave)

B (BSG, A IESE ?)
B (+cooling phase) SNII = Ib
B (Wolf-Rayet)
S (Faint SN)

(Hypernova)
S (+cooling phase)

SN & HND Hi[H]
S? K, v~/ %5 —7?
SLSN-IIn
S (WR star + CSM interaction)
S (ECSN or SN impostor)

Miller & Branch 1990



Asiago SN Catalogue ~2015 (Barbon et al.)

2872 858 363 218 204 150 118 90

58% 17% 7% 4% 4% 3% 2% 2% 1% 0.5% 0.4%
- H2ET 4986

I EIFEKFEMNRZT sub-class BN BELNED
[ELVOEDIEVRMOGERALTH S (B1L60)

Ic-BL (hypernova)ld Ic ICTEFENTLVS

Ic pec [& SLSN-IZ&EL

IT pec & SN1987A4> SN1997D (faint SN)Z =T



1457 BENSON ET AL.: SN 1993]

-19

Light Curve: e

SN87A .
(II-P peculiar)

SN1993]

(Ilb: 11 = Tb)
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— Type II-L
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SN 1987A
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Shock breakout & cooling phase

Shock breakout

— When supernova shock
breaks out of the stellar
surface, a flash of
thermal UV (or soft X-

ray) radiation is emitted.

— The duration time is
longer for a larger R star.
(It will be easier to
observe for a red-giant
progenitor.)

— few observations

-25

-20

2

—-—
-

Blinnikov +

L LA L B L L |
R: Stellar Radius/R;

—

0

1
0.5
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By T. Yoshida
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SN1987AM (FRE D) %
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Neutrino from SN1987A

& Kamiokande detected

< 11in 13 seconds
10 billion neutrinos per 1cm? on the earth

< Supernova explosion theory was confirmed !
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LOG L/LSUN

5.

“BILLZA" DA

=T )L (Saio, Nomoto, Kato 1988)

3
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i A>< .
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SNS7AERE . FD &

LD ETE TIE—EFR<T B8 1Zmass loss ratezx K=<
T AHEILLEL (1996 F Dopacity EFHTD LY ?)
Saio et al. CHeZIZEOL-IEMEL THEEIRIZEKAIFTY
O DAR[EEEEZE (T TV

ZTNDE&. BEEDELTHEFEZDORERICHFVERICZE
NEIRTEOINEINDEA I DOIhEEINT-
— LangertWoosleyZi &, LWNFT NEA LI, publish AL TLVELY
(D ZETIEL Aoz LLY
— BEREFX U TREMABRMNEIELTEEGELAEWN
— BEsTaA7NKELLLHEMNREESLLY (Woosley, Langer proceedings

HEFXFTOEZA—FERIILTLNSET ILIL Podsiadlowski
SIZEBDEZESIARETIL (PASP 199275 &)



SNS7AFRE  HEESAKETIL

$915M_ &5M D wide orbit EZ (FHID EHI10F TR E)
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AURHE) EDFEFIRFE
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WoDETILERED S
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Light Curve : SNe Ic & Ic-BL (hypernova)
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CO Star Models for SNe Ic (BRAIMNSDEEDRDOA)

‘\ =TT -~ o ,I (SNe Ia is almost
. N
_ - H-rich IS the same)
V4 \) P - - T T~ ~ ~ \s
, s \ He A N +
e

C\ 56C0 —»56Fe
{Z 8 113.5d
Collapse

Mms/M@ MC+O/M@
Parameters

[M,;, KE, M(%Ni)] ~ 40 13.8

v ~ 35 11.0

~ ) 50




Modelling of SNe

to obtain M_., M(°®Ni), E

ejo
(_ A N

‘ Light Curve ‘ ‘ Spectra ‘

. 1/2 1/2

T ™ (Tdyn Tdiff) Vor < (E/ M)

~QLv Rc

12 Mej3/4
Tic £/

56Ni
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Faint SN

« XFRYIEWERE., DIaKEB3EEH S (FEeTE)
1. SN1997D type (IIE, massive, M~20-40M)
2. Ultra stripped SNe Ic (SN2005ek like)
model (Suwa, Yoshida et al. 2015 MINRAS, 454, 3073)
3. ECSN (electron capture SN) , ONeMgBB T EELLEHNS
Crab pulsar Z{E>-BBHIENNTHSEREHOLND

1DAALTDHEE(F20-40My THDEWSERMNE N TH DA, Fe CCSN
DEEDTRICHIETD2EDTHAHELIEREHS(MALELFET S
A[REELH D) . TDHEEDEREBIL2DLDELTSGEEZ NS,

HENEWMGEIZIZHNIZELDIZEKELI=L P HFailed SNTH D E
EZZALN,. PIDIOOUIETIVIR—ILRIEI T RE3—,
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Faint SN

« 2MDR3ATIFBITEEEZRTIESNT=Fe coreZ 29 B/
BECHILT HCOENIREFKE, IREDmuIt-D IEHEIaL—
AVEERIIEE DCCSNFERBAT AIZITER I RILT—H

INSGTEDHM. C
(Suwa et al. 2015

DEATDBHFZEDMER EEIEITLNS
).

* BDFAT X EHEFeREHMAT IELYDLENVREIZKY

fEon., &I

D TEERICK AT AT O-Nea T Z AL

AEIL . (Super)AGBEANEEILT B, TDEShellPRBFEIZ L
TONeO7 DEEMNEZ THILDEZEEN EA->TITH., H5

G EECET AL EFRERGICE TI7EAMETRLE

NARRZHIET 5. COL OB ENBFERREZTEIIT HIL
Kitaura et al. (2006) D £ #0751 D-GR+Full Boltzman neutrino

transfergt &IZ &L

STHRLMIIEoT=,



ECSN

o 3D D KO IEFEILElectron Capture supernova (ECSN) &M

s
ECSNITEEERBIIZIZTFEL DD EET HELHET-HEEHLITE ALY
EHET HMEIN L. SAGB phase TD (£ TE T&H5) mass loss rate [

{KTEL . mass loss MBETEBLE0Ne A7+ RET BRIIZHBHEL
752> TLZED, (ECSN mass range D BRIFHY I IM T B DIRUNERFH, )

Crab SN LA4MZ£,SN2008S (faint SN 1In) HECSNTZELVSER M H S
(e.g., Moriya et al. 2014),
e ZOIOEIGEICITBERANFEILX SAGBE Thd,

BEEEILFREAD Mass loss BMELHMHTULVEL =8, Thiné Fe
CCSNe Mlow mass end EXFIMDLDOMESMNEBATIELLY,

Neutrino signal [X:23H% (Kato et al. 2015)



(Super luminous) SNe IIn N Smith et al 2007
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InE L (FFEIZ) IERICERSEN S
« ANJNMVIZERYMELEEBHEMELEDIEEAE

1.

1% RIE,

* L=4noR2T * TRMKREZLV=HEASLY
+ REGRERBIRILEF—LREDSNIBLTE

« LE

BMITLTWVEWNEDZH

 Slides about SN IlIn by N.Chugai (2012)
http://www.exul.ru/workshop2012/chugai0612.pdf



SN 19887 ( Stathakis & Sadler 1991)
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ftDSNIIn & Luminosity

(Stoll et al 2011)
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Luminosity from shock-CSM interaction

B EE B shellDIEE)
dE, = 4mr2 pgm V2 dr, THRLE—

Mass loss rate,

M=4x r> PV CSM densi.ty, and
wind velocity

L =¢ dE £ M JEE [Lshell DIEE)
dt 2 V., Vst IRILF—DIELIC
. EOTENGEHND
g: IAR)LFX—ZH
Lo M HE
VW




Chugai 2012

SN1987F Curve #3 M=8 Msun E=] DB
M(Ni56)=007 Msun

log L, erg/sec
43I~ o (1990, 1992)

FEIXEFED100
~ 10004 HIIZHH
1 =Nf=EL\CSMED
HMEERTELNT
V5

] | |

e —

400 1z, days

w=(dM/dt)/u,, ~ (1.5-2) -10!7 g/cm dM/dt=?




Wind velocity ? In most SN IIn ~ 100 km/s
dM/dt = 0.015w,-(v,/100 km/s) Mg/yr --- Very Large!

SN 20081y  (Muller et al 2010)
T T g ——— ]
4 -
. 04} (a) i 4
% f a}
- 3F 0.0 i
'a “F SN 2008iy s -
| . Hao, day 911 ’ .
E "
O F :
0 _F :
g 2F E
- - -
e -
— b .
~ 0 500 ]
e 1 -
- - :
- )
" oo
0 - a2 0 e o W e e o J . a3 — I
-4000 -2000 0 2000 4000 6000

velocity (km s™) Chugai 2012



SN 2010jl: dM/dt via X-rays

SN 20101 : Heavily absorbed X-rays
(Chandra et al 2012)

X-ray view on CSM around SN 2010yl
N(H) ~ 10%* cm™

Ly ~ 10% erg/s

dM/dt ~ 0.01 Mg/yr

ZDE3IZ, ZLDIInlE dM/dt >~ 0.001 My/yrEF RT3
(e.g., Moriya, Maeda et al. 2013)

M D L7 KE /I mass loss ratexr EIR I HIE 5
(FEERERMET V) ITEL EE£LERE—ELTLVEL




__I'Ablll':

BEEHNTLVS mass loss rate TITE L KRB TIEE &

dM/dt = 10 54 Mg /yrfiR EIZLMMESIE LAY, Thld£<

MHE-S>TLVYAS? (Smartt DELMIpA R Dhv /iU il RE & B

BLTWWSDH?) KELINBIZFFNTWNDIEEDH ?

—  Gravity wave model TG EELRERHAITHED A LZENEESD
ETILVEENEZIRD BN TLVS (e.g., Quataert & Shiode 2012)

KFEOENBHETHLEEICHLIWVEDAHY., Nt

—&B CSM interaction MEEHNTULVS

In [(ZFE(IZIEFEIZELVE T, mass loss rate HAREZLY?
M. “100Mg @ £.(% Si #ABERFIC pulsational pair-instabillity

LNSFREMTHBEEEEHICKET S, CheBb
STWBEDA? BHRLYENSNESOEIZLCOER

NEZEL5OM?




HEESDRDHTT UInE)

o —HRRIICIEHFIYBE TG

« FAEHIEDETILEFTTIIBEBRIRILT—LEEjecta masshHifEiR

o ANIRILHoEREICEYT S AGFEmARFONNIEHERA(
—EB) B (T 5EELH D

o KENRZSELGEHAMNGIHEESIICDIEEDEHHET
HHONLIEEZEZLHENTESLSMEH LAY

(LOLSLSN IIND EIZEH TIEFELHEWNEIICTRZSED1LH D)
— FEBICEWNELDIZIKEIHSD(metal poor?), IZENMDIHLT

HEIEEREID mass loss rateHIEFEIZKELY




Super luminous SNe
TE & METFR 21 FELYBBESL
SLSN-I kZ%=HY), SLSN-II ()K%7EL), SLSN-R (radio active decay)

BRE
®PTF09nd |1

® SN 2006gy -
® SN 2007bi .

300 400 500 600
9/9 BAXELHSODA




SLSN

FEICHDN=HEATHLRADM. IEEDTDHSLN
272 TE W EXRSZELD (T2 T 7 EFEZ TIEAR L

BIZ(E, EEBICENETHAI—Re A )—FHSLSNIZH S
A[BEME X B E TELLY

Eta Carinae HST - WFPC2
PRC96-23a - ST Scl OPO - June 10, 1996




SLSN-II

CNETIZARIRLHBELLO DTS BDF (FIF) T
ClIn (shock interaction type)

lp BDESLGHEETHAZLLARETHLHIN. EXGIERT
RILF—DRBEITGEDIZD. HFEYEZ NG

— T RA— () ASTY—ETIILTIILLEMBZICBHETED
Proto-type: SN2006gy (lIn, 73Mpc)

Progenitor mass > CSM 15Mg, + ejecta “15Mg, (Moriya et al. 2013)

explosion energy >4 x 10°! erg, mass loss rate ~ 0.1 Mg /yr



SLSN-R (&AIFITILIE, KREL)

 Radio active decay (**Ni®D)&LVD R R D L56Nid) decay
curve [CTHEPAEED>TULNSHIIE—DLAHVELY: SN2007bi

o HLLARZHITONi decay TH D7D PISND )8 T D ER A5 H
HLLMNZLY (Very Massive star DCCSNTHERBAAAIBETILAR
L\ Yoshida, Okita, HU 2014)

o LA, fALlDSEHIETEEHNDLESIHNLKDHHS
— DT.2007biDEEIF-FEI=FSNIDEZE—FLI==F. ELVSERE
ReaL(FAE— )

— ZDEEMDSNSL-I ERICEDTHY . BANLHDIE
CSM-interaction, ¥4 32—, JEH [ZmassiveZd CCSN




RIESVEICHLHIEKXRE
The R136 star cluster hosts several stars more 150M
Crowther {12010, MNRAS

archival Hubble Space Telescope
and Very Large Telescope
spectroscopy, and high spatial
resolution near-IR photometry,
including Multi-Conjugate
Adaptive Optics Demonstrator
(MAD)

* 105-170M, for three systems in NGC3603, plus 165-320M
for four stars in R136

e IT—AA)—FKYBEIZELY: SISNIZHESEUMREEIE AL




SLSN-I (kR #L)

BEOBHETIRIRICLZEEDIEENITHEOTLNS, LMLEESLEREN
SNiBEIR DIEEEB DN =8 SNILIST D IETRNABE,
IELLEZENTWNAAEEME (X 2D (CSM-interaction < A2 —)

CSM-interaction model
— SLSN-lin EBlF=FTJL,f=12LCSMMD He-C/OFA B, Eexp ~ 1052 erg
— FHE :SISN-IIn KYELDLEC(EHLLLIFERED DL Z<) mass loss HIEELT
— 150Mg<5LYDPPISN (Pl mass loss + SN explosion) & 24 Al gE 4
(Yoshida, HU, Maeda, Ishii 2016 in press, arXiv1511.01695)

interaction model @ EIRE & : narrow line MR Z 750
— FDTf=®Interaction model [EHYBFHZWELVSERLELND

— LM Lc/OERLDIFEEIZ[Enarrow line (FFFEICR Z AN ELVIEERD S (Blinnikov &
Solokina 2010)

CSM interaction model calculation (Solokina et al. 2015, submitted)

— SN2010gx : E,,, ~ 2 x 105 erg, M, +M_,,, ~ 0.2 + 9.7 Mg
— PTFO9¢cnd : E,,, ~ 4 x 10°* erg, M;+M,, ~ 5 + 49 Mg



SLSN-1 & T REA—FETIL

Fast-spinning magnetar at birth: E=Iw?/2= 2 x10°° (P/10ms)-? erg
Dipole radiation: dE/dt= 10%(B/10°G)? (P/10ms)? erg/s
Spindown time: E/(dE/dt) = 4.8d (B/10°G)2(P/10ms)?

Dipole radiation T S 1=
IRILF—HEEL Tejectal
BEZondERE

Effects:

Snow plow of inner ¢jecta n
=>Fast dense shell at base Ngiborn magnetar

Injection of internal energy
=> High ejecta temperatures

Chatzopoulos 2015



YT RE3—ETILDOF =

BHEOBEELLEBBOR () EP, BEM ELADH!
B EEISEZ SN

(1
H

Kasen & Bildsten (2010)
Magnetar model for SN2007bi

ZATEHEBEDP.EB
D {E TSLSN%

EIR' Eﬂ T%é P ) (m SN 2008es

o SN 2007b|

absolute magnitude

0 100 200 300 400 500 600
restframe days since explosion



3T A

=T ILDF B

SLSND T LB ZFERBAREE (°Ni ET JLTIETELLY)
Dessart etal. (2012

&EAS

BE|

EoyAN=F VA RY: 4oy

[ZIT NI Z R T HFIZKH>TKIR

E AT,

RE |

R THLHIETSES

(COHFUhodbLivhvdinLl
1525TKB)

¢ IADfERE
Dipole radiation Zf#skL TL S

ejecta T thermalize S5 &(X
JEE IZHEE (Bucciantini et al. 2005)
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~ MAGNETAR SPIN DOV

Kasen & Bildsten (2010); Woosley (2010); Dessart et al. (2012)

* One can reproduce SLSN-I like blue/
hot spectra by assuming a constant
“top-hat” energy injection (Dessart
et al. 2012).

* SLSN-I and GRBs have similar hosts
(Lunnan et al. 2014).

Scoreboard
Event LC |Spectra
| SN 2007bi | Y = ‘“Y?
SN 2008es Y ?
SN 2010gx Y ?
PSi-11ap Y ?
SN 2012il : Y P =

k3 - . - -
‘B k

| It’s hard to thermalize magnetar radiation in the expanding SN
- ejecta (Bucciantini et al. 2005). Asymmetrical deposition of energy.
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Hard to compute spectra. Complex
conditions for presence/absence of emission features.




O 00O N O U1 b WIN B

FCH (~LHE)

. Shock heating #8¥T£ (1I-P, II-L, lIIb%Y)

. SNe in Binary Systems (lI-P, II-L, llb, 1b/c)
(BRI EOFRLGENREEEBHE
. Shock breakout & cooling phase (ll, I1b)
.SN1987AM (FRE D) &% (ll-pec)

. SNe Ic & Ic-BL (hypernova)

. Faint SN & ECSN (Il &)

. (Super luminous) SNe IIn

. Super luminous SNe (Type |, II, R)




Bie: TEORRGCENRREGEHE

4 F Hilpe | Type | WIHWIER | RABZEN | HIRE(S) or HE(B)
SN1987A | 51.4k | Il-pec | 16~22M, | -14.3 B (BSG, A 2IE7E ?)
SN1993J 3.6M [Ib 12~15 -16.7 (+C) | B (+cooling phase) SNII = b
SN19941 83M | Ic 13~15 -14.4 B (Wolf-Rayet)

SN1997D | 173M | II 20~40? | >-14.0 S (Faint SN)

SN1998bw | 43M Ic-BL | 35~45 -18.7 (Hypernova)

SN1999em | 7.8M [I-P 12~14 -16 (+C) S (+cooling phase)
SN2002ap | IM Ic-BL | 20~25 -16.7 SN & HNO® HrfH]

SN2005bf | 79M Ib 25~30? | -16.2 S? R, v/ %8 —7
SN2006gy | 73M IIn >~100 | -21.8(R) SLSN-IIn

SN2006jc 26M Ibn (25~30) | -17.8 S (WR star + CSM interaction)

SN2008S | 1.9M | IIn 9(~15?) | -13.9(R) | S (ECSN or SN impostor)

SNe Ia -19.0(Ave) | Miller & Branch 1990
SNe II-P,L -16.9(Ave)
SNe Ib -17.1(Ave)



