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Bh1>O =xO@

1.1 91@1?J2=$H85AG9g@.

[<g7ONs@1]
1'Ch$K$O!"B@M[$N$h$&$K<+$i51$$$F$$$k@1$,$"$j!"$3$l$r91@1$H$$$&!#91@1$O$[$H$s$I

$,?eAG$G9=@.$5$l$F$*$j!"Cf?4It$G?eAG$,G3>F$9$k$3$H$G$=$NL@$k$5$r0];}$7$F$$$k$H9M
$($i$l$F$$$k!#?eAG$NG3>F2aDx$O<g$K2 $D$"$k!#1 $DL\$OCf?4It29EY$,107K $r1[$($k$H
H?1~$,;O$^$kp-p chain(?^ 1.1)!#?eAG$N86;R3K$G$"$kM[;R$,Cf@-;R$H7k9g$7$F=E?eAG$K$J
$j!"<ANL 3 $N%X%j%&%`(3He) $r7P$F!":G=*E*$K%X%j%&%`(4He) $,$G$-$k!#2 $DL\$OCf?4It
29EY$,3 � 107K $r1[$($k$HH?1~$,;O$^$kCNO %5%$%/%k$G(?^ 1.2)!"?eAG� %X%j%&%`$h$j
=E$$85AG$,:n$i$l$k!#C:AG!"CbAG!";@AG$NF10LBN$KB>$NM[;R$,2C$o$C$FB>$NF10LBN$KJQ2=
$7!"$"$k$H$3$m$G%X%j%&%`$N86;R3K$,J,$+$l$F=P$F$/$k!#$3$l$K$h$j48D$NM[;R$+$i18D
$N%X%j%&%`86;R3K$,:n$i$l$k!#$3$NH?1~$Op-p chain$h$j$b8zN($h$/?eAG$rG/>/$7!"B?$/
$N%(%M%k%.!<$,6!5k$5$l$k!#

?^ 1.1: p-p chain
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?^ 1.2: CNO%5%$%/%k

$3$N$h$&$K!"?eAG$N3KM;9gH?1~$K$h$C$F@1$N8wEY$r$^$+$J$C$F$$$k@1($b$7$/$O$=$N@1
$K$*$1$k!"?eAG$N3KM;9gH?1~$G@1$N8wEY$r$^$+$J$&$3$H$,$G$-$F$$$k;~4|$N$3$H$r;X$9$3
$H$b$"$k) $r<g7ONs@1$H$$$&!#@1$O!"0l@8$N90%0J>e$N;~4V$r<g7ONs@1$H$7$F2a$4$9!#@1
$N8wEY$HI=LL29EY$r<4$K$H$C$??^(HR ?^) $G$O!"<g7ONs@1$O:8>e$+$i1&2<$K8~$+$C$FJ,I[
$7$F$$$k$3$H$,J,$+$k!#<g7ONs@1$N$&$A!"0lHLE*$K$O?^$N:8B&(9b29) $[$I=E$$@1$G!"1&
B&(Dc29) $[$I7Z$$@1$G$"$k!#<g7ONs@1$K$*$1$k<ANL$OG3NA$NNL!"8wEY$OG3NA$N>CHq$N3d
9g$G$"$k$N$G!"<wL?$rtage!"8wEY$rL !"<ANL$r M $H$9$k$H!"

tage /
M
L

=
M

M 3� 5
=

1
M 2� 4

(1.1)

$G$"$k$3$H$,7P83E*$KJ,$+$C$F$$$k!#$D$^$j!"=E$$@1$[$IG3NA$,B?$$$,!"$=$l0J>e$KG3NA
$N>CHq$,B.$$$N$GC;L?$G$"$k$H$$$&$3$H$K$J$k!#
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?^ 1.3: HR?^

[%X%j%&%`G3>F]
<g7ONs@1$N=*$o$j$OG3NA$G$"$k?eAG$,?T$-$?$H$-$G$"$k!#?eAG$,?T$-$k$HCf?4It$O%X%j

%&%`$N%3%"$K$J$C$F$$$k$,!"30AX$K$O$^$@?eAG$,B?$/;D$C$F$$$k$N$G!"FbB&$H30B&$G$=$l
$>$lJL$NF0$-$r;O$a$k!#%3%"$NItJ,$O$^$@%X%j%&%`$,G3>F$7;O$a$k29EY$K$OC#$7$F$$$J
$$$N$G=ENO<}=L$;$6$k$rF@$:!"$7$@$$$K9b299b05$K$J$C$F$$$/!#0lJ}!"5e3L>u$KJ,I[$7$F
$$$k?eAG$OG3>F$rB3$1$F$$$k$?$a!"?eAG$H%X%j%&%`$N6-3&IU6a$N05NO8{G[$O$-$D$/$J$k!#
$9$k$H%3%"$,?eAG30AX$r6/$/2!$7=P$9$N$G!"30AX$OKDD%$7Dc054uGv$H$J$k!#$3$N>uBV$,@V
?'5p@1$G$"$k!#HR ?^>e$G$O:8$+$i1&$XBg$-$/0\F0$9$k!#$5$i$K%X%j%&%`%3%"$,=ENO<}=L
$rB3$1$FCf?4It29EY$,221EY$KC#$9$k$H%X%j%&%`$,G3>F$r;O$a$k!#$=$N7k2L!"Cf?4It$K$O
C+O $N%3%"$,7A@.$5$l$k!#

[M < 8M � $N@1$N?J2=]
=i4|<ANL$, 8M � $h$j7Z$$@1$O!"C+O %3%"$N<ANL$,C:AGG3>F$N5/$3$k<ANL1.07M � $h$j

$b>.$5$$!#$=$N$?$aC:AGG3>F$,5/$3$k29EY$^$GCf?429EY$,>e>:$;$:EE;R$,=LB`$9$k!#30AX
$O$H$F$b9-$,$C$F$$$F$$$k$?$a$K=ENO$K$h$kB+G{$,<e$/!"@14V6u4V$X$HJ|=P$5$l$F$$$/!#
$I$s$I$sKDD%$rB3$1!"C+O %3%"$,$`$-=P$7$H$J$k!#$3$l$,Gr?'bd@1$G$"$k!#Gr?'bd@1$O
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EE;R$N=LB`05$G@1$H$7$F$N7A$rJ]$C$F$$$k$@$1$J$N$G!"J|<M$K$h$j%(%M%k%.!<$r<:$$$f$C
$/$j$HNd$($F$$$/!#

[M > 10M � $N@1$N?J2=]
=i4|<ANL$, 10M � $h$j=E$$@1$K$*$$$F$b!"30AX$OF1$8$h$&$KKDD%$rB3$1$k!#40M � $h$j

$b=E$$@1$O?eAG$KIY$s$@30AX$rJ|=P$7@Z$j!"$5$i$KFbB&$N%X%j%&%`AX$J$I$r7c$7$/J|=P$7
B3$1!"%&%)%k%U� %i%$%(@1$H8F$P$l$k@1$K$J$C$F$$$/!#10� 40M � $N@1$O@V?'5p@1$X$H?J
2=$9$k!#0lJ}%3%"ItJ,$G$OC+O $h$j$b=E$$85AG$,@8@.$5$l$F$$$/!#%3%"$N<ANL$O9b299b
L)EY$G$"$j!"EE;R$,=LB`$9$k$3$H$J$/=ENO<}=L$rB3$1$k!#$5$i$K29EY$HL)EY$,9b$/$J$jCf
?4It$G C+O $,G3$($O$8$a$k$H!"O+Ne+Mg $N%3%"$H$J$k!#$3$N%3%"$O<!$K20Ne$,G3$(
=P$9$^$G=ENO<}=L$9$k!#20Ne$,G3$($F$7$^$C$?8e$O16O $,G3$(!"%1%$AG$dN22+!"%+%k%7
%&%`$,@8@.$5$l$k!#Cf?4It29EY$,109K $rD6$($k$HH?1~$OFC$KJ#;($K$J$k$,!"A4BN$H$7$F
$O$5$i$K=E$$85AG$X$H3KM;9g$,?J$`!#:G=*E*$K$O%(%M%k%.!<E*$K:G$b0BDj$J56Fe$,:n$i
$l$k$^$GB3$/!#$3$NCJ3,$G$N@1$NFbIt$G$O!"Cf?4It$KE4$N%3%"!"$=$N30B&$K$O=gHV$K%1%$
AG$dN22+!";@AG� %M%*%s� %^%0%M%7%&%`$NAX!"%X%j%&%`$NAX!"$=$7$F0lHV30B&$r?eAG$N30
AX$,<h$j4,$/$H$$$&!V$?$^$M$.9=B$!W(?^ 1.4)$,$G$-$"$,$k!#:G8e$NE4%3%"$N<ANL$O!"@1
$N<ANL$K$"$^$j4X78$J$/1.3� 2M � DxEY$K<}$^$k!#

?^ 1.4: $?$^$M$.9=B$!#H>7B$N=L<\$O@5$7$/$J$$!#
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1.2 D6?7@1

1.2.1 D6?7@1$H$O

D6?7@1GzH/(0J9_!"C1$KD6?7@1$H8F$V) $H$O!"=E$$@1$,0l@8$N:G4|$K5/$3$9GzH/$N$3$H
$G$"$k!#D6?7@1$K$OMM!9$J%?%$%W$,$"$j!"=i4|%9%Z%/%H%k(+ 8wEY6J@~) $NFCD'$GJ,N`$G
$-$k$3$H$,4QB,E*$KJ,$+$C$F$$$k!#?1̂.5$KD6?7@1$NJ,N`$NJ}K!$r<($9!#$^$:=i4|$K?eAG
$N5[<}@~$,8+$i$l$J$$$b$N$rI 7?!"8+$i$l$k$b$N$r II 7?$HJ,N`$9$k!#I 7?$NCf$G!"%1%$AG
$N5[<}@~$,FCD'E*$J$b$N$rIa 7?!"FCD'E*$G$O$J$$$b$N$N$&$A%X%j%&%`$N5[<}@~$,8+$i$l
$k$b$N$rIb 7?!"8+$i$l$J$$$b$N$r Ic 7?$HJ,N`$9$k!#B3$$$FII 7?$NCf$G!"8wEY6J@~$,?t==
� I4F|$[$IJ?$i$K$J$k$b$N$r IIP 7?!"0lDj$N3d9g$G0E$/$J$C$F$$$/$b$N$rIIL 7?!"%9%Z%/
%H%k$K:Y$$51@~$,8+$i$l$k$b$N$rIIn 7?$HJ,N`$9$k!#$3$l$i$O$=$l$>$l Plateau!" Linear!"
Narrow $NF,J8;z$r$H$C$?$b$N$G$"$k!#$^$?!"II 7?$NCf$G$bIb 7?$NFCD'$G$"$k%X%j%&%`$N
5[<}@~$,8+$i$l$k$b$N$rIIb 7?$HJ,N`$9$k$,!"$=$NB?$/$O6KBgE~C#8e<!Bh$K?eAG$N5[<}@~
$,<e$/$J$k$H$$$&FCD'$r<($9!#GzH/$^$G$N2aDx$N4QE@$+$i!"Ia 7?$r3KK=Av7?GzH/!"$=$l0J
30$r=ENOJx2u7?GzH/$H8F$V!#

?^ 1.5: D6?7@1$N%?%$%WJ,N`

<!$K!"$=$l$>$l$N%?%$%W$ND6?7@1$N4QB,E*FCD'$r8+$F$$$/!#%9%Z%/%H%k$NHf3S$r?^1.6
$K<($9!#>e=R$NDL$j!"=i4|%9%Z%/%H%k$OIa 7?$O%1%$AG$N5[<}@~$,!"Ib 7?$G$O%X%j%&%`$N
5[<}@~$,!" II 7?$G$O?eAG$N5[<}@~$,FCD'E*$G$"$k!#$=$l0J30$K$b%+%k%$%&%`$dE4$J$I$N5[
<}@~$b8+$i$l$k!#B3$$$F8wEY6J@~$NHf3S$r?^1.7$K<($9!#Ia 7?$O6KBg$G� 18 � � 19Ey$K
E~C#$9$k$b$N$,B?$$!#6KBg0J9_$N?6Iq$$$O!"Ia 7?$K$*$$$F$OL@$k$$$b$N$[$I8:8w$,CY$/!"
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0E$$$b$N$[$I8:8w$,Aa$$$H$$$&798~$,$"$k$3$H$,4QB,E*$KJ,$+$C$F$$$k!#$3$NAj4X$rMQ$$
$k$H!"4QB,$7$FF@$i$l$?8:8wN($+$i@dBPEy5i$r?dDj$9$k$3$H$,$G$-!"F1;~$KE7BN$^$G$N
5wN%$bCN$k$3$H$,$G$-$k$N$G!"Ia 7?D6?7@1$O5wN%$N;XI8$H$J$k=EMW$JE7BN$G$"$k!#Ib/Ic
7?$G$O6KBg$G� 17 � � 18Ey$KE~C#$9$k$b$N$,B?$$!#6KBg0J9_$N?6Iq$$$OIa 7?$H0c$$!"8:
8w$,Aa$$$b$N$dCY$$$b$NMM!9$G!"6KBg@dBPEy5i$K$O0MB8$7$J$$$h$&$G$"$k!#IIP 7?$O6KBg
$+$i?t== � I4F|DxEYJ?$i$J4|4V$,B3$-!"$=$N8e2� 5 Ey$N5^8:8w$r$_$;$k!#J?$i$G$"$k4|
4V$d$=$N8e$N?6Iq$$$OMM!9$G$"$k!"IIL 7?$O6KBg$+$i?t==F|DxEY0lDj$N3d9g$G8:8w$7$F$$
$/!# II 7?$O6KBg$G� 17EyDxEY$K$J$k$b$N$,B?$$$h$&$G$"$k!#

?^ 1.6: %?%$%W$K$h$k=i4|%9%Z%/%H%k$NHf3S(Filippenko 1997)
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?^ 1.7: %?%$%W$K$h$k8wEY6J@~$NHf3S(Li et al. 2011)!# Ib/Ic 7?$N8wEY6J@~$O!"6KBgEy5i
$r9g$o$;$FI=<($7$F$$$k$3$H$KCm0U!#

3F%?%$%W$N3d9g$O?^1.8$K<($9$h$&$K!"BgItJ,$, Ia 7?$HIIP 7?$G$"$k!#$=$l0J30$N%?%$
%W$ND6?7@1$O!">\:Y$K4QB,$G$-$?%5%s%W%k$,L$$@B?$/$J$$$N$G=EMW$J8&5fBP>]$H$J$k!#

?^ 1.8: D6?7@1$N%?%$%W$N3d9g(Li et al. 2011)

13



1.2.2 =ENOJx2u7?D6?7@1$NGzH/%a%+%K%:%`

=ENOJx2u7?(Ib/Ic/II 7?) $ND6?7@1$O8� 10M � $h$j=E$$@1$,5/$3$9GzH/$G$"$k$H9M$($i
$l$F$$$k!# § 1.1$G5-=R$7$?DL$j!"10M � $h$j=E$$@1$O<g7ONs$,=*$o$k$HCf?4It$GE4$N%3%"
$,$G$-$k$^$GH?1~$,?J$`!#E4$O0BDj$J$N$G!"$=$l0J>e3KM;9g$K$h$k%(%M%k%.!<$r<h$j=P
$9$3$H$O$G$-$J$$!#$7$+$7!"C+O %3%"$,7A@.$5$l$?$"$?$j$+$iH/@8$7B3$1$F$$$k%K%e!<
%H%j%N$O@1$N%(%M%k%.!<$r;}$A5n$C$F$$$/!#%K%e!<%H%j%N$O9b299bL)EY$JCf?4It$[$IB?$/
H/@8$9$k$N$G!"Cf?4It$O<}=L$7$F$$$/!#Cf?4It$,$"$kNW3&L)EY$KC#$9$k$H!"E4$,9b%(%M%k
%.!<8w;R$K$h$C$F%X%j%&%`$dM[;R!"Cf@-;R$H$$$C$?7Z$$86;R3K$X$HJ,2r$5$l$k!#$3$N2aDx
$r8wJ,2r (<01.2)$H$$$&!#

56Fe ! 134He + 4n � 124:4MeV (1.2)
4He ! 2p + 2n � 28:3MeV

$9$k$H05NO$,5^7c$KDc2<$7!"%3%"$O;Y$($r<:$C$F=ENO$K$h$C$FMn2<$7$F$$$/!#$3$l$,=E
NOJx2u$G$"$k!#Cf?4ItL)EY$,Ls1012 g cm� 3 $r1[$($k$H!"!V86;OCf@-;R@1!W$H8F$P$l$k!"
%K%e!<%H%j%N$G$5$($bJD$89~$a$i$l$kNN0h$,$G$-$k!#Cf?4%3%"Fb$OEE;RJa3M$K$h$jCf@-;R
2a>j$H$J$C$F$*$j!"3K;R4V$KF/$/!V6/$$NO!W$,=ENOJx2u$r8:B.$5$;!"$"$k$H$3$m$G%3%"$N
=ENOJx2u$O;_$^$k!#$7$+$70MA3$H$7$F30AX$NJ*<A$O9bB.$GCf?4ItJ,$X8~$+$C$FMn2<$7$F$/
$k!#Hs>o$K9E$$Cf?4%3%"$NI=LL$K>WFM$9$k$H!"30B&$X8~$+$&>W7bGH$,7A@.$5$l$k!#$3$l$r
%3%"%P%&%s%9$H$$$&!#$3$N>W7bGH$,@1$NI=LL$^$GE~C#$7$?$b$N$,D6?7@1GzH/$G$"$k!#

$7$+$7!"$3$N>W7bGH$O<B:]$K@1$NI=LL$^$GE~C#$9$k$+$I$&$+$O<+L@$G$O$J$$!#9_$j@Q
$b$C$F$/$kJ*<A$K>W7bGH$,>!$F$:!"$=$N%(%M%k%.!<$,A4$F<:$o$l$F$7$^$&$+$i$G$"$k!#=E
$$@1$[$I<~$j$NJ*<A$bB?$$$N$G>W7bGH$NDL2a$O0lAX:$Fq$K$J$k!#<B:]$K!"1<!855eBP>N$J
%b%G%k$r9M$($FM}O@%7%_%e%l!<%7%g%s$r$7$F$b>W7bGH$OCf?4$+$i?tI4km $N$"$?$j$GDdBZ
$7$F$7$^$&$H$$$&7k2L$,=P$F$$$k(?^ 1.9)!#

?^ 1.9: 1<!85%7%_%e%l!<%7%g%s$K$h$k>W7bGHDdBZ$NMM;R(Sumiyoshi et al. 2005)
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>W7bGH$,DdBZ$7$?8e!"$G$O<B:]$K$O$I$&GzH/$r5/$3$9$N$+!"8=:_$b$h$/J,$+$C$F$$$J
$$!#$3$l0J9_$OM}O@E*$KM=A[$5$l$F$$$k$3$H$r5-=R$9$k!#CmL\$5$l$F$$$k$N$O%K%e!<%H%j
%N$G$"$k!#%K%e!<%H%j%N$OCf?4It$N%(%M%k%.!<$N0lIt$r;}$A5n$C$F30$XF($2$F$$$/$,!"$3
$N%(%M%k%.!<$NLs1%$r>W7bGH$K$&$^$/M?$($k$3$H$,$G$-$l$P!">W7bGH$O:F$S308~$-$KEA
GE$7$FD6?7@1$H$J$k$H$$$&$N$,0l@b$G$"$k!#$3$l$O!"%K%e!<%H%j%NCY1dGzH/%7%J%j%*!"$J
$I$H8F$P$l$F$*$j!" 8� 10M � DxEY$NHf3SE*7Z$$@1$K$*$$$F$O$3$N%a%+%K%:%`$,M-NO$G$"
$k!#$7$+$710M � $h$j$b=E$$@1$N>l9g$O!"%K%e!<%H%j%N$K$h$k:F2CG.$,Hs8zN($"$k$3$H$,
<(:6$5$l$F$$$k!#8=:_$G$OB?<!85E*$J8z2L$d!"N.BNE*IT0BDj(SASI; Standing Accretion
Shock Instability) $,@8$`BPN.!"GzH/$NHsBP>N@-$K$D$$$F$N%b%G%k$J$I$,1T0U8&5f$5$l$F
$$$k(Suwa et al. 2011$J$IB??t)!#

1.2.3 =ENOJx2u7?D6?7@1$N?F@1

D6?7@1$NGzH/%a%+%K%:%`$rCN$k$?$a$K$O!"$=$N?F@1$rCN$k$3$H$,0lHV$N6aF;$G$"$k!#$7
$+$7?F@1$rCN$k$?$a$K$O!"D6?7@1$,GzH/$9$kA0$K;#$C$?$=$NJl6d2O$N9b@::Y2hA|$K?F@1$,
<L$C$F$$$kI,MW$,$"$k(<L$C$F$$$J$+$C$?$H$7$F$b!"$=$l$O$=$l$G0UL#$,$"$k)!#$I$N@1$,
$$$DD6?7@1$r5/$3$9$+$r@53N$KM=A[$9$k$3$H$O6K$a$F:$Fq$G$"$k$,!"JL$N@1$r%?!<%2%C%H
$K;#$C$F$$$?2hA|$NCf$K?F@1$,6vA3<L$C$F$$$k$H$$$&$3$H$O$"$k!#

<B:]$K!" HST$NGzH/A0$N2hA|$+$i?F@1$r8!=P$G$-$?$N$OIIP 7?$G10NcDxEY!"IIb/IIn/IIL
7?$G$=$l$>$l?tNcDxEY$G$"$k!#II 7?D6?7@1$r5/$3$9?F@1$N@5BN$O@V$$B&$N5p@1$,B?$$$h
$&$G$"$k!#0lJ}!" Ib/Ic 7?D6?7@1$N?F@1$,8!=P$5$l$?$N$O$4$/:G6a$N$?$C$?1 Nc$N$_$G$"
$k!# Ib/Ic 7?D6?7@1$r5/$3$9?F@1$N@5BN$O0JA0$h$j%&%)%k%U� %i%$%(@1$G$"$k$HM=A[$5$l
$F$*$j!"<B:]$K$3$N?F@1$O%&%)%k%U� %i%$%(@1$G$bL7=b$,$J$$$HJs9p$5$l$F$$$k(Cao et
al. 2013)!#GzH/A0$N2hA|$K?F@1$,<L$C$F$$$J$/$H$b!"?F@1$N>pJs$,>/$7$G$bB?$/4^$^$l$F
$$$k$O$:$NGzH/D>8e$+$i4QB,$r9T$&$3$H$,$G$-$l$P!"?F@1$NFCD'$K@)8B$rM?$($k$3$H$,$G
$-$k!#

?^ 1.10: ?F@1$NGzH/;~$N30AX$NM-L5
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I= 1.1: ?F@1$,D>@\F1Dj$5$l$?D6?7@1

Type SN ID progenitor Representative Reference

IIn SN 1978K
II-pec SN 1987A BSG Langer et al. 1989

IIb SN 1993J K-Type SG Maund et al. 2004
IIP SN 1999ev
IIP SN 2003gd M-Type SG Maund et al. 2009
IIP SN 2004A RSG Hendry et al. 2006
IIP SN 2004et YSG Crockett et al. 2011
IIP SN 2005cs RSG Li et al. 2006
IIn SN 2005gl Hyper Giant Gal-Yam et al. 2009
IIb SN 2008ax Unknown Crockett et al. 2008
IIP SN 2008bk RSG Mattila et al. 2008
IIP SN 2008cn YSG Elias-Rosa et al. 2009
IIL SN 2009hd YSG or RSG Elias-Rosa et al. 2011
IIL SN 2009kr YSG Fraser et al. 2010
IIP SN 2009md RSG Fraset et al. 2011
IIn SN 2010jl Unknown Smith et al. 2011
IIb SN 2011dh YSG Benvenuto et al. 2013
IIP SN 2012A RSG Prieto et al. 2012
IIP SN 2012aw RSG Van Dyk et al. 2012
IIP SN 2013df YSG Van Dyk et al. 2014
IIP SN 2013ej M-Type SG ? Fraser et al. 2013
Ib iPTF13bvn Wolf Rayet Star Cao et al. 2013

Notes.

BSG; Blue Super Giant
YSG; Yellow Super Giant
RSG; Red Super Giant

?^ 1.10$O=i4|%9%Z%/%H%k$NFCD'(Nc$($PIIP 7?$O?eAG$,K-IY!"Ib 7?$O?eAG$OL5$$$,%X%j
%&%`$OM-$k) $+$i?dB,$5$l$k!"?F@1$NGzH/;~$N>uBV$N%$%a!<%8$G$"$k!#IIP 7?$G$O?eAG30
AX$,K-IY$K(� 10M � ) ;D$C$F$*$j!" IIL 7?$G$O$"$kDxEY(� 1M � ) ;D$C$F$*$j!" IIb 7?$G$O6O
$+$K(� 0.1M � ) ;D$C$F$$$?$H9M$($i$l$k!#Ib 7?$O?eAG30AX$r40A4$K<:$C$?>uBV$G!"Ic 7?
$O$5$i$K%X%j%&%`30AX$^$G$b40A4$K<:$C$?>uBV$GGzH/$7$?$H9M$($i$l$k!#$J$*!"IIb 7?$N
0lIt$K$OGzH/$+$i$7$P$i$/7P2a$7$F$+$i?eAG$,8+$i$l$J$/$J$jIb 7?$KA+0\$9$k$b$N$,B8
:_$9$k$,!"$3$l$b:G$b30B&$N6O$+$K;D$C$??eAG30AX$,$9$0$K4uGv$K$J$C$?$?$a$G$"$k!#$3
$N$h$&$K!"=ENOJx2u7?D6?7@1$OA4$F%3%"ItJ,$O6&DL$G!"$=$l$>$l$N%?%$%W$N0c$$$O30AX$N
;D$C$F$$$kNL$N0c$$$G@bL@$G$-$k!#

30AX$r<:$&5!9=$H$7$F$O!"C1FH@1$,<+?H$N91@1Iw$G<:$C$?$N$+!"O"@17O$r@.$7$F$$$k
H<@1$KN.$l$F$$$C$?$N$+!"$,M-NO$G$"$k!#N>@b$H$b$K%b%G%k0MB8@-$,$"$j!"7kO@$O=P$F$$
$J$$!#
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1.2.4 Ib/Ic 7?D6?7@1$NFCD'

Ib/Ic 7?D6?7@1$r4QB,$7$FF@$i$l$kE57?E*$J8wEY6J@~$r?^$K<($9!#GzH/$7$F$+$i10� 20
F|$[$I$+$1$F!"6KBg$H8F$P$l$k!":G$bL@$k$$;~4|$r7^$($k!#6KBg$G$OB@M[$N1� 102/G\Dx
EYL@$k$/$J$k!#6KBg0J9_$O$@$s$@$s$H0E$/$J$k$N$_$G$"$k$,!"$=$N8:8wN($O8D!9$NE7BN$K
$h$jMM!9$G$"$k!#

?^ 1.11: D6?7@1$NE57?E*$J8wEY6J@~

$3$N$h$&$K8w$kJ|<M8;$O!">W7bGHEAGE$N:]$K@8@.$5$l$k56Ni $G$"$k$3$H$,J,$+$C$F$$
$k1!#56Ni $OJ|<M@-85AG$G!"H>8:4|6.075F|$G56Co$X$HJx2u$7$F%,%s%^@~$rJ|<M$9$k!#56Co
$b$^$?J|<M@-85AG$G!"H>8:4|77.27F|$G56Fe$X$HJx2u$7$F%,%s%^@~$rJ|<M$9$k!#

56Ni ! 56Co +  (1:72MeV) (1.3)
56Co ! 56Fe +  (3:5MeV) + e+ (1.4)

$3$l$i$N%,%s%^@~$O!"<~$j$K$"$kHs>o$KL)EY$N9b$$D6?7@1$NJ|=PJ*<A$K$h$j5[<}� ;6Mp$5
$l!"Bg5$$rG.2=$9$k!#D6?7@1$OGzH/8e?t==F|DxEY$OHs>o$K8w3XE*$K8|$$$N$G!"I=LL(8w5e
LL$H8F$V) $+$i$NJ|<M$O9uBNJ|<M$H$_$J$9$3$H$,$G$-$k!#$3$N8wEY$H8:8wN($+$i!"56Ni $N
NL$H5[<}3d9g$r?dDj$9$k$3$H$,$G$-$k!#II 7?D6?7@1$G$O!"8wEY6J@~$,?eAG30AX$N1F6A$r<u
$1$F$7$^$&$N$G$3$N$h$&$J%"%W%m!<%A$OFq$7$/$J$k!#

Ib/Ic 7?D6?7@1$NFCD'$r0J2<$K$^$H$a$k!#
(i) =ENOJx2u7?$NGzH/$G$"$k$,!"$=$N%a%+%K%:%`$N>\:Y$OITL@!#
(ii) =i4|%9%Z%/%H%k$K$O?eAG$,8+$i$l$J$$!#Ib 7?$G$O%X%j%&%`$N5[<}$,$"$k$,!"Ic 7?

$G$O$=$l$,$J$$!#$3$l$OGzH/;~$N30AX$NM-L5$rH?1G$7$F$$$k!#
(iii) ?F@1$N>\:Y$bITL@!#%&%)%k%U� %i%$%(@1$H$$$&$N$,0l@b!#?F@1<ANL$dC1FH@1$J$N

1Ni $OFe $h$j$b=E$$85AG$@$,!">W7bGH$,EAGE$9$k:]$K29EY$,$5$i$K9b$/$J$k$N$G@8@.$5$l$k!#
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$+O"@17O$J$N$+$,=EMW$J%F!<%^!#

$3$l$i$N2rL@$KGw$k$?$a$K$O!"GzH/D>8e$+$i$N2D;k@V30@~BS0h$G$N7QB3E*$JB,8wJ,8w4Q
B,$,M-8z$G$"$k!#

1.3 GRB
GRB(%,%s%^@~%P!<%9%H; Gamma-ray Burst) $H$O!"BgNL$N%,%s%^@~$,$[$s$N0l=V$@$1

%8%'%C%H>u$KJ|=P$5$l$k8=>]$N$3$H$G$"$k!#%8%'%C%H$NJ}8~$H;k@~J}8~$,0lCW$7$?$H$-$K
4QB,$9$k$3$H$,$G$-(?^ 1.12)!"H/@8IQEY$O1 F|$KLs1 8D$G$"$k!#

?^ 1.12: GRB$NH/@88=>l$NA[A|?^

1967G/$KGRB $,=i$a$FH/8+$5$l$F0JMhB??t$NGRB $,8!=P$5$l$F$-$?$,!"$4$/C;;~4V
$N8=>]$G$"$k$3$H$H0LCV7hDj@:EY$,IT==J,$@$C$?$?$a>\:Y$J4QB,$,$G$-$J$+$C$?!#H/8+$+
$i 30G/4V!"GRB $NH/@85!9=$dH/@8>l=j$J$I$[$H$s$I2?$bJ,$+$i$J$$>u67$,B3$$$F$$$?!#
1991G/$K$J$C$FBG$A>e$2$i$l$?CGRO 1R@1$N8!=P4oBATSE $O$=$l$^$G$N8!=P4o$N100
G\$NM-8zLL@Q$r;}$C$F$*$j!"GRB 4QB,$KBg$-$/9W8%$7$?!#BATSE $,4QB,$7$?Ls2700$N
GRB $OA4E7$G0lMM$KJ,I[$7$F$$$?$N$G$"$k!#$3$l$OGRB $,!"6d2O7OFb$N$4$/6a5wN%$G$N
GzH/$J$N$+!"$"$k$$$O1sJ}1'Ch$G$NGzH/$J$N$+!"$r0UL#$7$F$$$k!#$5$i$KBATSE $K$h$C
$F!" GRB $N7QB3;~4V$,2 IC$h$jD9$$$b$N(long GRB) $HC;$$$b$N(short GRB) $KJ,I[$9
$k$3$H$,J,$+$C$?!#1996G/$K$OBeppoSAX1R@1$,BG$A>e$2$i$l!"$=$NB(;~4QB,5!G=$H$=
$N>pJs$r%"%i!<%H$7$F@$3&Cf$KH/?.$9$kBN@)$,@0$($i$l$?$3$H$G99$J$k@.2L$,F@$i$l$?!#
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GRB $O%,%s%^@~$@$1$G$J$/!"$d$d;~4V$,$*$/$l$FX @~$d2D;k8w!"EEGH$G$b8w$C$F$$$k$3
$H$,L@$i$+$H$J$C$?$N$G$"$k!#$3$l$r;D8w$H8F$V!#Nc$($P!"GRB 990228$NH/@82F|8e$K
;#$i$l$?;D8w$N2hA|$r?^1.13$K<($9!#$^$?J,8w4QB,$+$i!"GRB $O1002/8wG/DxEY$N1'Ch
O@E*$J5wN%$GH/@8$7$F$$$k$3$H$bL@$i$+$H$J$C$?!#

?^ 1.13: GRB 990228$GH/8+$5$l$?;D8w

2000G/$KBG$A>e$2$i$l$?HETE-2 1R@1$O0LCV7hDj@:EY$b$5$i$K8~>e$7!"CO>e$NK>1s6@
$G$b4QB,$r9T$&$3$H$,$G$-$?!#GRB 030329$G$O!"H/@8$+$i?tF|8e$K2D;k%9%Z%/%H%k$r;#
$k$3$H$K@.8y$7$?!#:G=i$N%9%Z%/%H%k$OGRB ;D8w$G8+$i$l$kE57?E*$J(9=B$$N$J$$) %9%Z
%/%H%k$r$7$F$$$?!#$7$+$7$3$N%9%Z%/%H%k$O;~4VJQ2=$7$F$$$-(?^ 1.14)!"5[<}@~$NI}$,
FC$K9-$$%?%$%W$NIc 7?D6?7@1$N=i4|%9%Z%/%H%k$H;w$F$$$k$3$H$,$O$C$-$j$7$?!#$3$N8e!"
$$$/$D$+$Nlong GRB ;D8w$+$i$bF1MM$N%9%Z%/%H%k$,F@$i$l!"long GRB$H$3$&$$$C$?D6
?7@1(broad-line Ic7?D6?7@1!"$^$?$Ohypernova)$K2?$+4XO"$,$"$k$3$H$,L@$+$H$J$C$?!#
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?^ 1.14: GRB 030329$N%9%Z%/%H%k

2004G/$K$OGRB 4QB,$N@lMQ1R@1Swift $,BG$A>e$2$i$l!"%P!<%9%HH/@8$+$i?t==IC8e$N
4QB,$,2DG=$H$J$C$?!#Swift $K$h$j0l5$$K4QB,?t$,A}$($?$,!"F@$i$l$? X @~8wEY6J@~$O$=
$l$^$GM=A[$7$F$$$?$b$N$H$OBg$-$/0c$C$F$$$?!#?^1.15$N$h$&$K!"%W%m%s%W%HJ|<M$+$i
t � 1 $K=>$C$F8:8w$7B3$1$k$H;W$o$l$F$$$?$,!"B?$/$Nlong GRB$Ot � 100s$^$G$OE57?E*
$Kt � 3 $G8:8w$7!"$=$N8et � 0:5 $G$f$k$d$+$K8:8w$7!"$5$i$Kt � 1000s0J9_$Ot � 1 $K=>$C$F
8:8w$9$k$3$H$,J,$+$C$?!#$^$?!"$f$k$d$+$K8:8w$9$k%U%'!<%:$G%P%s%W$r<($9$b$N$bB?
$$!#8=:_$b Swift 1R@1$O3hLvCf$G$"$k!#
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?^ 1.15: Swift$K$h$C$F4QB,$G$-$?=i4|$NX @~8wEY6J@~

$3$l$^$G$N8&5f$+$ilong GRB$Hshort GRB $GH/@85!9=$,0[$J$j!"A0<T$OBg<ANL@1$N
:G4|$NGzH/!"$D$^$jD6?7@1$KH<$&8=>]$G$"$k$3$H$,!"8e<T$OCf@-;R@1$I$&$7$NO"@1$b$7$/
$OCf@-;R$H%V%i%C%/%[!<%k$NO"@1$N9gBN$K$h$k8=>]$G$"$k$3$H$,;XE&$5$l$F$$$k!#>\:Y$J
H/@85!9=$O8=:_$Olong GRB$NJ}$,8&5f$,?J$s$G$*$j!"!V �reball %b%G%k!W$,:GM-NO$H$J$C
$F$$$k!#

�reball %b%G%k(?^ 1.16)$G$O!"Cf?4E7BN$+$iAjBPO@E*B.EY(%m!<%l%s%D0x;R� � 100)$N
N3;R$,5e3L(%7%'%k) >u$K2?EY$bJ.$-=P$5$l$k!#B.EY$N0[$J$k%7%'%kF1;N$,>WFM9gBN$7$FFb
It>W7bGH$rH/@8$5$;$k!#$3$N>W7bGH$K$h$C$FEE;R� M[EE;R%W%i%:%^$,%U%'%k%_2CB.$5$l!"
%7%'%kFbIt$KB8:_$9$k<'>l$K$h$C$F%7%s%/%m%H%m%sJ|<M$9$k!#$3$l$,B(;~J|<M(prompt)
$G!"<g$K%,%s%^@~$r=P$9!#9gBN$7$?%7%'%k$,<~0O$N@14VJ*<A$K>WFM$9$k$3$H$K$h$j30It>W
7bGH$,H/@8$7!"F1$8$h$&$K%7%s%/%m%H%m%sJ|<M$9$k!#$3$l$,X @~$+$iEEGH$^$G4QB,$5$l
$k;D8w(afterglow) $G$"$k!#
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?^ 1.16: GRB$N�reball %b%G%k

GRB $NJ|<M$,%7%s%/%m%H%m%sJ|<M$K$h$k$b$N$G$"$k$3$H$+$i!"4QB,$5$l$k8w$OJP8w$7
$F$$$k$3$H$,4|BT$5$l$k!#6aG/$K$J$C$F!"B(;~J|<M$N%,%s%^@~JP8w4QB,$d;D8w$N2D;k8wJP
8w4QB,$NNc$bA}$($F$-$?!#

1.4 GRB $KIU?o$9$k=ENOJx2u7?D6?7@1!'6KD6?7@1

§ 1.3$G?($l$?DL$j!">/$J$/$H$b0lIt$N GRB $H0lIt$ND6?7@1$O4XO"$,$"$k$3$H$,J,$+$C
$F$$$k!#GRB $KIU?o$7$F8=$l$kD6?7@1$N$3$H$r!"FC$K6KD6?7@1(hypernova)$H8F$V$3$H
$,$"$k!#8=:_$^$G$G6KD6?7@1$O8 Nc$[$I3NG'$5$l$F$*$j!"$$$:$l$b Ic 7?D6?7@1$G$"$k!#

4QB,E*$K$O!"6KD6?7@1$OB>$N(GRB $KIU?o$7$J$$$H$$$&0UL#$G) IaDL$ND6?7@1$h$j$bL@
$k$/!"KDD%B.EY$,Bg$-$/!"GzH/%(%M%k%.!<$bBg$-$$$H$$$&798~$,$"$k!#?F@1$N=i4|<ANL$O
30{40M� $KC#$9$k$N$G$O$J$$$+$H9M$($i$l$F$$$k!#$^$?D6?7@1$,IU?o$7$F8+$i$l$?GRB
$O!"$3$l$^$GA4$Flong GRB$G$"$k!#$?$@$74QB,?t$,B?$/$J$$$3$H$b$"$j!"IU?o$9$k$b$N
$H$7$J$$$b$N$N4X78$O$h$/J,$+$C$F$$$J$$!#

I= 1.2: $3$l$^$G$KGRB $KIU?o$7$F4QB,$5$l$?D6?7@1

GRB ID SN ID Representative Reference
GRB 980425 SN 1998bw Nakamura et al. 2000
GRB 020211 SN 2002lt Della Valle et al. 2003
GRB 030329 SN 2003dh Mazzali et al. 2003
GRB 031203 SN 2003lw Mazzali et al. 2006

GRB/XRF 060218 SN 2006aj Moskvitin et al. 2010
GRB 100316D SN 2010bh Bufano et al. 2012
GRB 120422A SN 2012bz Melandri et al. 2012
GRB 130427A SN 2013cq Xu et al. 2013
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1.5 K\8&5f$NL\E*

K\8&5f$G$O!"2012G/ 37n$K8=$l$?L@$k$$Ib 7?D6?7@1SN 2012au$r4QB,%?!<%2%C%H$H$9
$k!#GzH/(H/8+) D>8e$+$i$N2D;k8w$G$N7QB3E*$JB,8wJ,8w4QB,(=i4|4QB,!' 3 >O) $+$i$OGz
H/$NA4BNA|$rC5$k!#?tI4F|7P2a$7$?;~E@$G$NB,8wJ,8w4QB,(8e4|4QB,!' 4>O) $+$i$O!"FbIt
%3%"$N9=B$$dHsBP>N@-$rC5$k!#

=i4|$N4QB,$G$OJ|=PJ*<A$N30B&0lIt$7$+8+DL$9$3$H$7$+$G$-$J$$$,!"==J,4uGv$K$J$C$?
8e4|$N4QB,$G$OGzH/Cf?4It$^$G8+$k$3$H$,$G$-$k!#=i4|$H8e4|$NN>J}$N4QB,$+$iGzH/$NAG
@-$rJq3gE*$KM}2r$9$k$3$H$,$G$-$k!#

>\:Y$JGzH/5!9=$,J,$+$C$F$$$J$$$+$D5)>/$JIb 7?D6?7@1$G$"$kSN 2012au$N8&5f0U5A
$OBg$-$/!"K\8&5f$G$O$3$ND6?7@1$NAG@-$rC5$k$[$+!"=ENOJx2u7?D6?7@1$NCf$G$I$&$$$C$?
0LCVIU$1$H$J$k$+$b5DO@$9$k!#
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Bh2>O 4QB,$H%G!<%?2r@O

2.1 4QB,E7BNSN 2012au
K\8&5f$G$N4QB,BP>]$OIb 7?D6?7@1SN 2012au1$G$"$k!#$3$ND6?7@1$OCatalina Real-Time

Transient Survey SNHunt progect$K$h$j!" 2012G/ 3 7n14F|$KJl6d2ONGC 4790$KH/8+
$5$l$?!#Jl6d2O$^$G$N5wN%$O23.6 Mpc(� = 31:87)$G$"$k!#H/8+D>8e$K$O%9%Z%/%H%k$,F@
$i$l!" Ib 7?D6?7@1SN 2005bf$dSN 1998dt$N6KBgIU6a$N$b$N$K;w$F$$$?$3$H$+$iIb 7?$G
$"$k$HF1Dj$5$l$?(Atel 3968)!#

2f!9$O$+$J$?K>1s6@!\HOWPol $rMQ$$$F!"H/8+MbF|$G$"$k37n15F|$+$i7QB3E*$KB,8w
� J,8w4QB,$r9T$C$?!#SN 2012auIU6a$N;kLn$r?^2.1$K<($9!#?^$N$h$&$K!"D6?7@1$OJl6d
2ONGC 4790$N%P%k%8$N$9$06a$/(� 50) $K$"$k$N$G!"B,8w2r@O$G$OJl6d2O$N1F6A$KCm0U
$9$kI,MW$,$"$k!#

?^ 2.1: SN 2012au$N;kLn

9T$C$?4QB,$N35MW$rI=2.1$K<($9!#2012G/ 37n15F|$K4QB,$r3+;O$7!"F1G/87n19F|$^
$G$+$J$?K>1s6@!\HOWPol $GB,8wJ,8w4QB,$r9T$C$?!#$3$3$^$G$r=i4|4QB,$H$9$k!#$3$l

1R.A. = 12 h54m 52:18s, Decl = � 10d14m 50:2s
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0J9_$OB@M[J}8~$H=E$J$k$?$a$7$P$i$/4QB,$G$-$J$$;~4|$H$J$C$?$,!"127n$K$J$j:F$S4Q
B,$G$-$k$h$&$K$J$C$?!#$3$N;~4|$K$O!"$+$J$?K>1s6@!\HOWPol $G$O@:EY$,3NJ]$G$-$k
L@$k$5$r0];}$7$F$$$J$+$C$?$N$G!">r7o$NNI$$HU$K$N$_4QB,$r9T$$!"8!=P8B3&(2013G/ 3
7n15F| ) $^$GB,8w4QB,$r9T$C$?!#$J$*!"$+$J$?K>1s6@$G$N4QB,$H$OFHN)$K!"2013G/37n8
F|$K$9$P$kK>1s6@!\FOCAS $G$NB,8wJ,8w4QB,$,9T$o$l$?!#$+$J$?K>1s6@!\HOWPol $H
$9$P$kK>1s6@!\FOCAS $r9g$;$F!" 2012G/ 127n$+$i 2013G/ 37n$^$G$r8e4|4QB,$H$9$k!#

I= 2.1: SN 2012au4QB,35MW
=i4|4QB, 8e4|4QB,

4|4V 2012G/ 37n15F| � 2012G/ 8 7n19F| 2012G/ 127n6 F| � 2013G/ 3 7n15F|

Lk?t B,8w54HU!\J,8w 19HU B,8w9HU

Hw9M 2013G/ 37n8 F|$K$9$P$kK>1s6@!\
FOCAS $GB,8wJ,8w4QB,

2.2 K>1s6@$H4QB,AuCV

2.2.1 $+$J$?K>1s6@+HOWPol

$+$J$?K>1s6@(?^ 2.2)$O9-EgBg3X1'Ch2J3X%;%s%?!<ImB0El9-EgE7J8Bf(?^ 2.3)$K@_CV$5
$l$F$$$k2D;k@V30@~$G4QB,$9$k$3$H$rL\E*$H$7$?8w3XK>1s6@$G$"$k!#El9-EgE7J8Bf$O9qFb
$G$O@2E7N($,9b$/!"J?6Q%J%A%e%i%k%7!<%$%s%0$bLs1.1IC3Q$HM%$l$F$*$j!"4QB,$KHs>o$K
E,$7$?%5%$%H$G$"$k!#K>1s6@$NM-8z8}7B$O1.5m$G$"$j!"9qFb$NK>1s6@$G$O4HVL\$NBg$-
$5!"9qFb$NBg3X$,=jM-$9$kK>1s6@$G$O:GBg$NBg$-$5$G$"$k!#$3$N=88wNO$H@$3&$G$b:G9b?e
=`$N5!F0NO$r3h$+$7$F!"FMH/E7BN$NB(;~4QB,$r9T$J$C$F$$$k!#FC$K!"GzH/$+$iICC10L$G0E
$/$J$C$F$7$^$&%,%s%^@~%P!<%9%H$N2D;k8w4QB,$G$O!"?M9)1R@1$+$i$N%"%i!<%H(GCN) $r
<u$1<h$C$?;~$KB(:B$KE7BN$N:BI8$rFCDj$7!"<+F0E*$K;X8~� DIHx4QB,$r3+;O$G$-$k%7%9%F
%`$rMQ$$$F$$$k(2006G/EY>e86B46HO@J8)!#$5$i$K9-EgBg3X$O%,%s%^@~1R@1Fermi $dX @~
1R@1$9$6$/$J$I$N9b%(%M%k%.!<E7J81R@1$H$NO"7H4QB,$b=E;k$7$F$$$k!#$3$N$h$&$K!"9qFb
$N8&5f5!4X$H$7$F$OK\3JE*$JB?GHD94QB,BN@)$K$h$C$F1'Ch$K$*$1$k9b%(%M%k%.!<8=>]$N2r
L@$rL\;X$7$F$$$k!#$+$J$?K>1s6@$N;EMM$rI=2.2$K<($9!#
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?^ 2.2: $+$J$?K>1s6@ ?^ 2.3: El9-EgE7J8Bf

I= 2.2: $+$J$?K>1s6@$N;EMM
9`L\ ;EMM

8w3X7O %j%C%A!<!&%/%l%F%#%"%s8w3X7O
<g6@ M-8z7B1540mm/<g6@$N#FHf=2.0

>GE@%b!<%I %+%;%0%l%s>GE@(F/12.0) !&%J%9%_%9>GE@(F/12.0)
>GE@LL%9%1!<%k%+%;%0%l%s11.15IC3Q/mm � %J%9%_%911.15IC3Q/mm

>GE@5wN% >GE@5wN%18,501.7mm
J,2rG= 1 !I FWHM
;kLn 15J,3Q &U

:GBg6nF0B.EY 5 /sec (J}0L3Q) 2 /sec (9bEY<4)
:GBg2=B.EY 1 /sec2

2MBf 7P0^BfJ}<0

K>1s6@$N%J%9%_%9>GE@$N1$D$K$O0lO*=P7?9-;kLnJP8w;#A|4o!VHOWPol(Hiroshima One-
shot Wide-Field Polarimeter)!W$,<h$jIU$1$i$l$F$$$k!#L>A0$NM3Mh$O!"DL>o$OJ#?t2s$N
O*=P$,I,MW$JJP8w4QB,$rHOWPol $J$i$P 1 2s$NO*=P$G$=$l$,2DG=$H$J$k$3$H$+$i$G$"
$j!"9b$$;~4VJ,2rG=$,I,MW$H$5$l$k%,%s%^@~%P!<%9%H$NJP8w4QB,$KFC2=$7$?8!=P4o$G$"$k
$,!";#A|4QB, � DL>o$N(J#?t2s$NO*=P$,I,MW$J) JP8w4QB,� J,8w4QB,$b$G$-$k8!=P4o$G$"$k!#
HOWPol $N;EMM$rI=2.3$K!"MQ$$$F$$$k%U%#%k%?!<$NF)2aN((%8%g%s%=%s� %+%:%s%7%9%F
% )̀ $r?^ 2.5$K<($9!#
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?^ 2.4: 0lO*=P7?9-;kLnJP8w;#A|4oHOWPol

I= 2.3: HOWPol$N;EMM

GHD90h 2D;k450nm - 1100nm
4QB,%b!<%I$H;kLn ;#A|: 15J,&U

9-;kLnJP8w;#A| : 7 J,!_ 7 J,
69;kLnJP8w;#A| : 15J,!_ 1 J,
J,8w : 2.3 IC!_ 15J,

%U%#%k%?!< B,V,R,I,z'+Y, JP8w%U%#%k%?!<(@D/ @V), 8:8w%U%#%k%?!<
%0%j%:%` DcJ,;6(420/mm,R=400)

%&%)%i%9%H%s%W%j%:%`!! 9-;kLnMQ%&%'%C%8IU$-%@%V%k%&%)%i%9%H%s%W%j%:%`
69;kLnMQ%&%'%C%8IU$-%@%V%k%&%)%i%9%H%s%W%j%:%`
%7%s%0%k%&%)%i%9%H%s%W%j%:%`

CCD 40A46uK37?CCD 2k-4k !_ 2%v(IM>>%[%H%K%/%9
9qN)E7J8Bf), 6uK3AX$N8|$5200&Lm

8B3&Ey5i ;#A| : R=19.2mag(10J,O*=P, B,8w@:EY0.02mag)
JP8w;#A| : R=16.0mag(10J,O*=P, JP8w8m:90.2%)
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?^ 2.5: HOWPol$N%U%#%k%?!<F)2aN(

2.2.2 $9$P$kK>1s6@+FOCAS

$9$P$kK>1s6@(?^ 2.6)$O!"%"%a%j%+!&%O%o%$Eg%^%&%J%1%";3D:!"I89b4200m$N>l=j$K
$"$kBg7?8w3X@V30@~K>1s6@$G$"$k!#1?MQ$O!"<+A32J3X8&5f5!9=9qN)E7J8Bf%O%o%$4QB,=j$,
9T$C$F$$$k!#M-8z8}7B$O8.2m$K$b$J$j!"C10l6@$H$7$F$O@$3&:GBg5i$N8}7B$G$"$k!#1999
G/$K%U%!!<%9%H%i%$%H$,9T$J$o$l!"$=$l$K0z$-B3$/$5$^$6$^$JD4@0$K$h$j!"8=:_$b$a$6$^
$7$$3hF0$r8+$;$F$$$k!#$9$P$kK>1s6@$N;EMM$rI=2.4$K<($9!#
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?^ 2.6: $9$P$kK>1s6@

I= 2.4: $9$P$kK>1s6@$N;EMM
9`L\ ;EMM

8w3X7O %j%C%A!<!&%/%l%A%"%s8w3X7O
<gH?<M6@ M-8z8}7B8.2m

>GE@%b!<%I <g>GE@(F/2.0 Jd@58w3X7O4^$`)
%+%;%0%l%s>GE@(F/12.2)

%J%9%_%9>GE@(2D;k8wF/12.6)
%J%9%_%9>GE@(@V30@~F/13.6)

;kLn <g>GE@(30J,3Q)!&%+%;%0%l%s(6 J,3Q)
2MBf 7P0^BfJ}<0

Am=ENL <g6@22.8%H%s!&A42sE>ItJ,555%H%s
:GBg6nF0B.EY 0.5EY3Q/ IC

E7BN$NDIHx8m:9 0.1IC3Q0J2<
4QB,2DG=6D3QHO0O 10� 89.5EY
Am9g@1A|J,2rG= 0.2IC3Q(Jd=~8w3X$J$7!"2.15� m)
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FOCAS(?^ 2.7) $H$O!"8=:_$9$P$kK>1s6@$N4QB,AuCV$H$7$F%+%;%0%l%s>GE@It$G1?MQ$5
$l$F$$$kHy8wE7BNJ,8w;#A|AuCV(Faint Object Camera And Spectrograph)$N$3$H$G$"$k!#
FOCAS $O!";#A|4QB,!&J,8w4QB,!&JP8w4QB,$J$I!"$9$P$k$N2D;k8w$N4pK\E*$J4QB,%b!<%I
$r0z$-<u$1$F$$$k!#%^%k%A%9%j%C%HJ,8w%b!<%I$G$O!"6d2OCD$N$h$&$JL\E*E7BN$,=8CD$GJ,
I[$7$F$$$k>l9g$K:GBg100E7BN$^$G$NJ,8w4QB,$rF1;~$K9T$&$3$H$,$G$-$k2h4|E*$JAuCV$G
$"$k!# FOCAS $N;EMM$H%0%j%:%`$N;EMM$rI=2.5$HI=2.6$K<($9!#

?^ 2.7: Hy8wE7BNJ,8w;#A|AuCVFOCAS

I= 2.5: FOCAS$N;EMM

GHD90h 2D;k450nm - 1000nm
;kLn 6 J,&U

%T%/%;%k%5%$%:15� m
%T%/%;%k%9%1!<%k0.104!m

%U%#%k%?!< U,B,V,R,I
CCD 40A46uK37?CCD 2k-4k !_ 2%v

(IM>>%[%H%K%/%9)
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I= 2.6: %0%j%:%`$N;EMM
L>A0 groove dispersion(at 5500�A) center resolution R

(gr/mm) ( �A/pix) �A (at slitwidth=0.4arcsec)
75 85 5.46 6500 250
150 150 5.46 6500 500

300B 300 1.34 5500 1000
300R 300 1.34 5500 1000
300R 600 0.64 7700 2500

600-650VPH 600 0.63 6550 2500
800VPH 600 0.64 7700 2500
950VPH 600 0.64 9200 2500
Echelle 175 0.63 6600(2nd) 2500

9300(2nd) 2500

2.3 %G!<%?2r@OJ}K!

4QB,!&<hF@$7$?%G!<%?$N=hM}$K$O!"9-$/;HMQ$5$l$F$$$k2r@O%=%U%HIRAF(Image Reduc-
tion and Analysis Facility) $r;HMQ$9$k!#IRAF $O!"%"%j%>%J=#%D!<%=%s$KK\It$,$"$k%"%a
%j%+9qN)8w3XE7J8Bf(National Optical Astronomy Observatories; NOAO)$NIRAF %W%m%0
%i%_%s%0%0%k!<%W$K$h$C$F3+H/!&;Y1g$,$J$5$l$F$$$k!#

$3$3$G$O!"$+$J$?K>1s6@!\HOWPol $GF@$i$l$?2hA|$KBP$9$k2r@OJ}K!$r@bL@$9$k!#$9
$P$kK>1s6@!\FOCAS $GF@$i$l$?2hA|$K$b!"4pK\E*$K$OF1MM$N=hM}$r9T$($P$h$$!#$J$*!"
@bL@$KMQ$$$k?^$O!"Cm0U=q$-$,L5$$$b$N$OA4$F$+$J$?K>1s6@!\HOWPol $GF@$i$l$?$b$N
$G$"$k!#

2.3.1 0l<!=hM}

4QB,$GF@$i$l$?@82hA|$r?^2.8$K<($9!#@82hA|(�ts %U%!%$%k) $K$O!"%P%$%"%9$dCCD 46
EY%`%i$H$$$C$?860x$N$?$a$K$=$N$^$^%G!<%?2r@O$7$F$b@5$7$$7k2L$OF@$i$l$J$$!#$3$l$i
$r<!$N=hM}$G=gHV$K=|5n$7$F$$$/!#
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?^ 2.8: SN 2012au$N@82hA|(2012G/ 3 7n26
F| I %P%s%I) ?^ 2.9: @82hA|$+$i%P%$%"%9=hM}$7$?$b$N

(i) %*!<%P!<%9%-%c%sNN0h$H%P%$%"%9
%P%$%"%9$H$OFI$_=P$7$N:]$KIU2C$5$l$k!"EE05$KH<$&%+%&%s%H$N$3$H$G$"$k!#$3$l$K

$O!"0 IC@QJ,$N2hA|!"$b$7$/$O%W%j%9%-%c%sNN0h(EE2Y$NFI$_=P$7ItJ,) $H%*!<%P!<%9%-%c
%sNN0h(EE2Y$rFI$_=P$7$?8e$N3F%]!<%H$G$NFI$_=P$7ItJ,) $N%+%&%s%H$r:9$70z$/$3$H$G
=hM}$r9T$&!#HOWPol $NCCD $O1 $D$Nchip $G4$D$N%]!<%H$+$iEE2Y$rFI$_=P$7$F$*$j!"
$=$l$>$l$K%W%j%9%-%c%sNN0h$H%*!<%P!<%9%-%c%sNN0h$,$"$k!#HOWPol $N>l9g!"2hA|=h
M}%=%U%H!VIRAF !WMQ$K=q$+$l$?!Vhowossub.cl!W$r;H$&$3$H$G$3$N%9%-%c%sNN0h!"$D$^$j
%P%$%"%9$r0z$$$?2hA|$r:n$k$3$H$,$G$-$k!#HOWPol $K$*$1$k%W%j%9%-%c%sNN0h$H%*!<
%P!<%9%-%c%sNN0h$OI=2.7$NDL$j$G$"$k!#@82hA|(?^ 2.8)$+$i%P%$%"%9=hM}$7$?$b$N$r?^
2.9$K<($9!#

I= 2.7: %W%j%9%-%c%sNN0h$H%*!<%P!<%9%-%c%sNN0h(X :BI8!"C10L pix)

%]!<%H 1 2 3 4
%W%j%9%-%c%sNN0h 1-8 1065-1072 1073-1080 2137-2144

%G!<%?NN0h 9-520 553-1064 1081-1592 1625-2136
%*!<%P!<%9%-%c%sNN0h521-536 537-552 1593-1608 1609-1624
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(ii) 0EEEN.
0EEEN.(%@!<%/) $H$O!"G.E*$KH/@8$7$?EE;R$K$h$C$FCCD $K8w$rEv$F$F$$$J$/$F$b%+%&

%s%H$5$l$F$7$^$&CM$G$"$k!#%@!<%/%+%&%s%H$O!"CCD $N29EY(9b$$$[$IBg) $HO*=P;~4V(D9
$$$[$IBg) $K0MB8$9$k!#$7$+$7CCD $,==J,$KNd5Q$5$l$F$$$l$P0EEEN.$O$[$H$s$IH/@8$;
$:!"$=$l$K$h$k%@!<%/%+%&%s%H$bL5;k$G$-$k$[$I>.$5$/$J$k!#HOWPol $N>l9g!"CCD $O
Ls 173K$K>o$KNd5Q$5$l$F$*$j!"0EEEN.$OL5;k$7$FNI$$!#

(iii) %U%i%C%H3d$j
CCD >e$N%T%/%;%k$O!"K\Mh;}$C$F$$$k46EY$K%T%/%;%k$4$H$N0c$$$,$"$k!#2C$($F!"E7

BN$N8w$,K>1s6@$dJ,8w4o$rDL$C$F$/$k:]$N8w3XE*$J<}:9$d!"8w3XItIJ$N%[%3%j$J$I$N1F6A
$b<u$1$F$7$^$&!#$3$N$?$a46EY%`%i$,@8$8!"CCD $NA4$F$N%T%/%;%k$KF1$8NL$NL@$k$5$r
Ev$F$?$H$7$F$b!"%T%/%;%k$4$H$K$h$C$F0[$J$k%+%&%s%HCM$r;}$D2hA|$K$J$C$F$7$^$&!#$3
$l$r2r7h$9$k$?$a$K!"%I!<%`$KIUB0$5$l$F$$$k%U%i%C%HHD$K%O%m%2%s%i%s%W$J$I$N0lMM$J
L@$k$5$N%i%$%H$rEv$F!"4QB,;~$HF1MM$KK>1s6@$rDL$7$F;#A|$9$k!#$3$N2hA|$O!V%U%i%C%H
%U%l!<%`!W(?^ 2.10)$H$$$&!#

$3$l$K$O!"@82hA|$+$i%P%$%"%9$r:9$70z$$$?$b$N$r!"$3$N%U%i%C%H%U%l!<%`$G3d$j;;$7
5,3J2=$9$k$H$$$&:n6H$GJd@5$9$k!#IRAF $G$Oimarith $H$$$&%?%9%/$rMQ$$$l$P$h$$!#%U
%i%C%H%U%l!<%`$G3d$C$?8e$N2hA|$r?^2.11$K<($9!#

?^ 2.10: %U%i%C%H%U%l!<%`
?^ 2.11: %U%i%C%H3d$j$7$?2hA|(= 0l<!=hM}
:Q$_$N2hA|)

$3$3$^$G$N!"%P%$%"%90z$-$H%U%i%C%H3d$j$N=hM}$r0l<!=hM}=hM}$H8@$&!#
$3$NB>!">l9g$K$h$C$F$O%9%+%$(CO5e$N>eAXBg5$$+$iJ|<M$5$l$kLk8w$d?M9)E*$J39$N8w

$,CO5eBg5$$G;6Mp$5$l$?$b$N) $N:9$70z$-$d1'Ch@~(>e6u$+$i9bB.$G?6$jCm$$$G$-$?M[;R
$J$I$,6vA3 CCD $K>WFM$7$FEE;R$rNe5/$5$;$?$b$N) $N=|5n$r9T$&I,MW$,$"$k!#
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$3$l$i!"@82hA|$K<L$C$F$$$k!"E7BN$N8w$H$OL54X78$N%N%$%:$r$^$H$a$?$b$N$,?^2.12
$G$"$k!#

?^ 2.12: @82hA|$K>h$k%N%$%:

2.3.2 B,8w2r@O

@1$NL@$k$5$rB,$k$3$H$rB,8w$H8@$&!#B,8w$K$O%"%Q!<%A%c!<B,8w$HPSFB,8w$,$"$k!#

(i) %"%Q!<%A%c!<B,8w
%"%Q!<%A%c!<$H$O3+8}$H$$$&0UL#$G$"$k!#$3$NB,8wJ}K!$G$O!"$"$kH>7B$N1_Fb$K4^$^$l

$k%S%/%;%k$N%+%&%s%H$N@QJ,CM$GL@$k$5$r8+@Q$b$k!#IRAF $N%?%9%/$Ophot $rMQ$$$k!#
%+%&%s%H$r?t$($k1_$N%5%$%:$G$"$k3+8}H>7B(%"%Q!<%A%c!<%5%$%:) $O!"@1A|$NH>CMI}

$G$"$kfwhm $N2-3G\$NCM$,:G$b@:EYNI$$$H$5$l$k!#$5$i$K!"$=$N30B&$K%I!<%J%D>u$K%9
%+%$$r%5%s%W%k$9$kNN0h$H$7$F!"%U%i%C%/%9$N1_$HF1$8@1A|Cf?4$r$b$C$?%I!<%J%D>u$NNN
0h$rMQ0U$9$k!#%I!<%J%DNN0h$G$N%+%&%s%H$N=E?4(J?6QCM) $r@1A|$G$N%9%+%$CM$H$7!"6I=j
E*$J%9%+%$$rI>2A$7$F$=$l$r:9$70z$/!#$3$l$K$h$j!"0l<!=hM}$N$_$G$O=|5n$7$-$l$J$+$C
$?GX7J8wEy$N4sM?$r>.$5$/$9$k$3$H$,$G$-$k!#
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?^ 2.13: %"%Q!<%A%c!<B,8w35G0?^

(ii) PSF B,8w
@1$N8w$ODL>o!"==J,$K>.$5$$E@8w8;$H$7$F07$C$FNI$$$,!"$=$NF|$N6u$N%3%s%G%#%7%g%s

Ey$NMWAG$K$h$C$F;~4VJQ2=$9$k3H$,$j$r$b$D!#$3$N3H$,$j$N$3$H$r!"Point spread function
$NF,J8;z$r$H$C$FPSF$H8F$V!#D6?7@1$r2r@O$9$k>l9g!"D6?7@1$,Jl6d2O$K6a$$>l=j$K0L
CV$7$F$$$k$H$=$N1F6A$rBg$-$/<u$1$k>l9g$,$"$k!#$3$l$r%"%Q!<%A%c!<B,8w$G2r@O$7$h$&
$H$9$k$H$3$N1F6A$N$?$a$K@5$7$$7k2L$OF@$i$l$J$$$,!"PSFB,8w$J$i$=$l$,2DG=$H$J$k!#
PSFB,8w$G$O!"A0=R$7$?%"%Q!<%A%c!<B,8w$r9T$C$?F1$8;kLnFb$NHf3S@1$K$*$$$FPSF%b
%G%k$r%U%#%C%F%#%s%0$9$k!#$3$N%b%G%k$rD6?7@1$K$bE,MQ$9$k$3$H$G!"Jl6d2O$N1F6A$r2D
G=$J8B$j=|5n$7$?!"@5$7$/@:EY$NNI$$7k2L$,F@$i$l$k!#K\8&5f$GMQ$$$?B,8wJ}K!$OA4$F
PSFB,8w$G$"$k!#

(iii) B,8w2r@O<j=g
$3$3$G$OB,8w2r@O$N<j=g$r@bL@$9$k!#PSFB,8w$N@bL@$G$"$k$,!"F1;~$K%"%Q!<%A%c!<

B,8w$N@bL@$b4^$^$l$F$$$k!#$J$*!"$5$i$K>\:Y$rCN$j$?$$>l9g$O!"!VIRAF/DAOPHOT $r
MQ$$$?PSFB,8w4J0W%^%K%e%"%k!W(;3Cf2mG7) $r;2>H$5$l$?$$!#

[imexam]
$^$:!"B,8w$7$?$$@1$N=E?4$r5a$a$kI,MW$,$"$k!#$3$l$K$Oimexam $H$$$&%?%9%/$rMQ

$$$k!#ds9$K2hA|$rI=<($7$Fimexam$r<B9T$7$?8e!"B,8w$7$?$$@1$N>e$G'a' $r2!$9$H$=
$N=E?4:BI8$dH>CMI}$J$I$N>pJs$,I=<($5$l$k$N$G!"$3$l$rJ]B8$7$F$*$/!#
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[phot]
apphot $H$$$&%Q%C%1!<%8$NCf$K$"$kphot $H$$$&%?%9%/$O!"imexam $GJ]B8$7$?%U%!%$

%k$K=q$+$l$F$$$k:BI8$KBP1~$9$k@1$KBP$7$F%"%Q!<%A%c!<B,8w$r$7$F$/$l$k!#B,8w%Q%i
%a!<%?$G=EMW$J$b$N$O!"photpars $NCf$Napertur $H�tskyp $NCf$Nannulus $Hdannulus
$G$"$k!#apertur $O%"%Q!<%A%c!<$NH>7B$N$3$H$G$"$j!"H>CMI}$N2.5G\DxEY$,E,@Z$G$"$k!#
annulus $O%9%+%$NN0h$NFbH>7B$N$3$H$G!"H>CMI}$N2.5� 3G\DxEY$,E,@Z$G$"$k!#EvA3$G$"
$k$,!"$3$NCM$O%"%Q!<%A%c!<H>7B$h$j$bBg$-$/$J$1$l$P$J$i$J$$!#dannnulus$O%9%+%$NN
0h$NI}$N$3$H$G!"5pix DxEY$,E,@Z$G$"$k!#$3$l$r<B9T$9$k$Himexamine$7$?=gHVDL$j$K!"
$=$N@1$NB,8w7k2L$,I=<($5$l$k!#$3$l$,%"%Q!<%A%c!<B,8w$N7k2L$H$J$k!#$3$N7k2L$bJ]B8
$7$F$*$/!#

[psf ]
psf $H$$$&%?%9%/$O!"$=$N2hA|$K$*$1$kPSF$r:n$k%3%^%s%I$G$"$k!#PSF%b%G%k$O6d

2O$d<~$j$N@1$J$I$N1F6A$,$J$$@1$G:n@.$9$k$N$,E,$7$F$$$k!#$3$3$G=EMW$J%Q%i%a!<%?$O
daopars$NCf$Nmatchra $Hpsfrad $H�trad $G$"$k!#$=$l$>$l!"H>CMI}$N1 G\DxEY!"2� 3
G\DxEY!"4� 6G\DxEY$,:GE,$H$5$l$F$$$k!#psf %3%^%s%I$r<B9T$7$Fds9>e$GPSF%b%G%k$r
:n$j$?$$@1$N>e$G'a' $r2!$9$H!"$=$N@1$N3<!85%W%m%C%H$,I=<($5$l$k!#$=$N@1<~$j$K1'
Ch@~$J$I$N1F6A$,L5$$$+$I$&$+$r3NG'$7$F!"PSF%b%G%k$K;H$&>l9g$O$=$3$G'a'!";H$o$J
$$>l9g$O'd' $r2!$7$F$$$/!#B,8wBP>]$N@1A4$F$K$D$$$F%b%G%k$K;H$&$+;H$o$J$$$+$r7h$a
$?$i!"$=$3$G ' f' $r2!$9$H%b%G%k%U%#%C%F%#%s%0$r$7$F$/$l$k!#$3$N%U%#%C%H7k2L$rJ]B8
$7$F$*$/!#

[allstar]
allstar $H$$$&%?%9%/$O!"B,8wBP>]@1$+$i<B:]$K:n$C$?PSF$r:9$70z$$$FB,8w$9$k%3%^

%s%I$G$"$k!#PSF$r:9$70z$/A0$N2hA|$H:9$70z$$$?8e$N2hA|$r8+$F(?^ 2.14)!":9$70z$-
$,LdBj$J$/9T$($F$$$k$h$&$G$"$l$PI=<($5$l$F$$$kB,8w7k2L$r?.MQ$9$l$P$h$$!#$?$@$7!"
$3$NB,8w7k2L$OEy5i%<%mE@$,IRAF FH<+$N$b$N$K$J$C$F$$$k$N$G!"@dBPE*$J?tCM$,$=$N$^
$^:G=*CM$K$J$k$N$G$O$J$/!"$=$l$>$l$N@1$NEy5i:9$@$1$rMQ$$$k!#Hf3S$H$J$k@1$NEy5i$O
%+%?%m%0$J$I$+$i;vA0$KD4$Y$F$*$-!"5a$a$?Ey5i:9$+$iCN$j$?$$@1$NEy5i$r5a$a$l$P$h
$$!#$3$l$GPSFB,8w$O40N;$G$"$k!#
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?^ 2.14: PSF:9$70z$-$,>e<j$/$$$C$F$$$kNc

2.3.3 J,8w2r@O

HFMQE*$JJ,8w2r@O$N%^%K%e%"%k$H$7$F$OF|K\8lHG$G$O!VH~@1E7J8Bf101cmK>1s6@IRAF
$K$h$kJ,8w%G!<%?@0Ls$N$9$9$a!W(@nC<E/Li) $J$I$,M-L>$G$"$k$,!"$3$3$G$O0lIt0c$&%3%^
%s%I$rMQ$$$F$$$k!#

J,8w2r@O$G$O!"BP>]@1$NJ,8w2hA|$NB>$K!"I8=`@1$H8F$P$l$k@1$NJ,8w2hA|$bI,MW$G$"
$k!#I8=`@1$H$O%9%Z%/%H%k$N7A>u$N>\:Y$,4{$KJ,$+$C$F$$$k@1$N$3$H$G!"CCD 46EY$NGH
D90MB8@-$J$I$N8!=P4o$NJJ$r%-%c%j%V%l!<%7%g%s$9$k$?$a$KKh2sI,MW$H$J$k!#SN 2012au
$KBP$7$F$O!"9bEY� J}8~$,6a$$ HR 4963$rI8=`@1$H$7$F4QB,$7$?!#BP>]@1$HI8=`@1$N0l<!
=hM}:Q$_$N2hA|$r?2̂.15$H? 2̂.16$K<($9!#
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?^ 2.15: BP>]@1$N2hA| ?^ 2.16: I8=`@1$N2hA|

[%H%j%_%s%0]
J,8w2hA|$K8B$i$:!"2hA|$N<~1o$O$*$+$7$J%G!<%?$,4^$^$l$F$$$k2DG=@-$,9b$/!"2hA|=h

M}$r$9$k>e$GMM!9$J0-1F6A$rM?$($+$M$J$$$N$G!"$=$NItJ,$r<h$j=|$$$?2hA|$rM=$a:n$C$F
$*$/!# IRAF $Nimcopy $J$I$Gpix HO0O$r;XDj$7$F:n$l$P$h$$!#

[%"%Q!<%A%c!<<h$j=P$7]
K>1s6@$G4QB,$r$9$k$H8w3XE*OD6J(distortion) $,B?>/4^$^$l$k$b$N$G$"$k!#$3$l$O;kLn

$NCf?4$+$iN%$l$l$PN%$l$k$[$I!"K\Mh<L$k$Y$-0LCV$+$iF07BJ}8~$X%:%l$F$7$^$&$H$$$&$b
$N$G$"$k!#0lHLE*$K$O?2̂.17$N$h$&$JOD6J%Q%?!<%s$r$b$C$F$$$k!#$3$N$?$a!"0l8+D>@~
$K8+$($k%9%Z%/%H%k$r$=$N$^$^<h$j=P$7$F$b@5$7$$%9%Z%/%H%k$OF@$i$l$J$$!#$^$:$O$3$N
OD6J$rJd@5$7!"D>@~$N%9%Z%/%H%k$r:n$j=P$9$3$H$,5a$a$i$l$k!#

$^$: twodspec$NCf$Napextract$H$$$&%Q%C%1!<%8$rFI$_9~$_!"ap�nd $H$$$&%?%9%/$rMQ
$$$k!#n�nd=1 $K;XDj$9$l$P!"%"%Q!<%A%c!<$r1$D<+F0$G8+$D$1$F$/$l$k!#<!$K!"apresize
$Hapedit $H$$$&%?%9%/$rMQ$$$F!"%"%Q!<%A%c!<$r<h$j=P$9I}$r7h$a$k!#$=$7$Faptrace
$H$$$&%?%9%/$GOD6J6q9g$r%U%#%C%H$7(?^ 2.18)!" apsum $H$$$&%?%9%/$G$=$N%"%Q!<%A%c!<
$r<h$j=P$9!#$3$l$G%9%Z%/%H%k$ND>@~2=$,$G$-$F$$$k$O$:$G$"$k!#D>@~2=$9$kA0$H8e$N%9
%Z%/%H%k$NHf3S$r?^2.19$K<($9!#$J$*!"$3$3$^$GD>@~2=$N:n6H$O!"apall $H$$$&%?%9%/1
$D$@$1$G$b$G$-$k!#
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?^ 2.17: OD6J%Q%?!<%s

?^ 2.18: OD6J$r%U%#%C%H$7$F$$$kMM;R!#2#<4$,y[pix]!"=D<4$, x[pix]!#
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?^ 2.19: D>@~2=$9$kA08e$NHf3S

[GHD93S@5]
<!$K!" pix $HGHD9$NBP1~4X78$r:n$k!#$"$kDxEYD9;~4VO*=P$9$k$H(HOWPol $N>l9g$6$C$H

120[B0J>e)!"CO5eBg5$$K$h$k51@~$,%9%Z%/%H%k$K<L$k!#$3$N51@~$O7h$^$C$?GHD9$r=P$9$3
$H$,J,$+$C$F$$$k$N$G!"$3$l$H>H$i$7$"$o$;$F3S@5$9$k!#El9-EgE7J8Bf>e6u$K8=$l$kBg5$
51@~$NBeI=E*$JNc$r?^2.20$K<($9!#MQ$$$k$N$O!"onedspec$H$$$&%Q%C%1!<%8$Nidentify
$H$$$&%?%9%/$G$"$k!#pix $HGHD9$NBP1~$O@~7AE*$H$O$J$i$J$$$3$H$,B?$$$N$G!"9b<!4X?t
$G%U%#%C%H$9$k!#<B:]$KGHD93S@5$7$F$$$kMM;R$r?^2.21$K<($9!#$J$*!"$9$P$kK>1s6@!\
FOCAS$G$N>l9g!"BP>]@1$HI8=`@1$H$OJL$K;#$i$l$?!"Th-Ar $N51@~$r=P$9%3%s%Q%j%=%s
%i%s%W$rMQ$$$F3S@5$r9T$&!#$3$l$K$h$jBg5$51@~$rMQ$$$k$h$j$b$b$C$H@53N$J3S@5$,4|BT
$G$-$k!#

?^ 2.20: El9-EgE7J8Bf$K$*$1$kBg5$51@~
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?^ 2.21: GHD93S@5$r9T$C$F$$$kMM;R

identify $O!"<B$O2hA|Cf1{$N9T$N$_$G$NGHD93S@5$G$"$C$?$,!"F@$i$l$?%9%Z%/%H%k$OJ#?t
9T$NI}$,$"$k$O$:$J$N$G!"$=$l$i$KBP$7$F$b3S@5$7$F$d$kI,MW$,$"$k!#$3$l$K$Oreidentify
$H$$$&%?%9%/$rMQ$$$l$P$h$$!#$3$&$7$F$G$-$?GHD9$NFs<!85%^%C%W$r�tcoord $H$$$&%?
%9%/$GFs<!85%^%C%W$K4X?t$r%U%#%C%H$5$;$k!#

$3$3$^$G!"1 Kg$N2hA|$KBP$7$FGHD93S@5$r9T$C$F$-$?!#:#EY$O!"$=$N%U%#%C%H%Q%i%a!<
%?$r%l%U%!%l%s%9$H$7$FB>$NJ#?tKg$N2hA|$KBP$7$F$bF1MM$K%U%#%C%H$5$;$k!#transform
$H$$$&%?%9%/$r;H$C$F!"BP>]@1$N;D$j$N2hA|$HI8=`@1$N2hA|$KBP$7$F$bGHD93S@5$r40N;$5
$;$k!#

[1'Ch@~=|5n]
C;;~4VO*=P$G;#$k$3$H$,$G$-$J$$%9%Z%/%H%k2hA|$ODL>o!"1'Ch@~$,BgNL$KJ6$l9~$s$G$$

$k!#B>$Npix $H$OHf$Y$b$N$K$J$i$J$$$[$I9b$$%+%&%s%H$,=P$F$$$kpix $b$"$k$N$G!"$3$l
$O=|5n$9$kI,MW$,$"$k!#$3$l$K$O!"user$H$$$&%Q%C%1!<%8$Nlacos spec $H$$$&%?%9%/$r
MQ$$$k!#1'Ch@~$r=|5n$9$kA0$H8e$N2hA|$NHf3S$r?^2.22$K<($9!#$J$*!" lacos spec$OIRAF
$r%$%s%9%H!<%k$9$k$@$1$G$OF~$C$F$$$J$$$,!"%$%s%?!<%M%C%H$G%=!<%9$r%@%&%s%m!<%I$9
$k$3$H$,$G$-$k!#$b$7$/$O!"IRAF $K85!9F~$C$F$$$kcosmicray $H$$$&%?%9%/$r;H$($P
$h$$!#
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?^ 2.22: 1'Ch@~$r=|5n$9$kA08e$NHf3S

[%9%+%$:9$70z$-]
GX7J8w(%9%+%$) $O%9%j%C%HA4BN$KEv$?$k$?$a!"%"%Q!<%A%c!<<~$j$NItJ,$r%P%C%/%0%i%&

%s%I$H$7$F%9%Z%/%H%k$+$i:9$70z$/I,MW$,$"$k!#twodspec$NCf$Nlongslit $H$$$&%Q%C%1!<
%8$Nbackground $O!"%9%+%$NN0h$r;XDj$7$F%"%Q!<%A%c!<$+$i:9$70z$/$3$H$,$G$-$k!#

[0l<!852= ]
%"%Q!<%A%c!<$,$^$@J#?tpix $K$o$?$C$F$$$k$N$G!"$3$l$r1pix $K=L$a$?$$!#$3$l$K$O

blkavg $H$$$&%?%9%/$G!"%"%Q!<%A%c!<$NI}$NCf$KB8:_$9$kpix $N%+%&%s%H$rB-$7>e$2$F
0l<!852=$9$k!#

[%U%i%C%/%93S@5]
:G8e$K!"I8=`@1$rMQ$$$F%U%i%C%/%93S@5$r9T$&!#$^$:!"twodspec$NCf$Nlongslit $H$$$&

%Q%C%1!<%8$Nstandard $H$$$&%?%9%/$G!"F@$?I8=`@1%9%Z%/%H%k$rFI$_9~$`!#$3$3$K$O
I8=`@1<~$j$N?eAG$K$h$k%P%k%^!<5[<}@~(H� 6563,H� 4861,H 4341)$b4^$^$l$F$$$k$,!"$3
$l$OK\MhF@$?$$%9%Z%/%H%k$H$OL54X78$J5[<}$J$N$G!"'d' $r2!$7$F<h$j=|$$$F$*$/!#<!$K
sensfunc $H$$$&%?%9%/$G!"4QB,$GF@$?%9%Z%/%H%k$H4{CN$N%9%Z%/%H%k$NBP1~4X78$r:n$k!#
$=$7$Fcalibrate $H$$$&%?%9%/$G!"$=$NBP1~$rBP>]@1$KE,MQ$5$;$l$P$h$$!#

$3$l$G!"%9%Z%/%H%k$N2r@O$O40N;$H$J$k!#2r@O$,40N;$7$?�ts %U%!%$%k$r%F%-%9%H$H$7
$F=q$-=P$9$?$a$K$O!"onedspec$Nwspec $H$$$&%?%9%/$rMQ$$$k!#

[Bg5$5[<}$NJd@5]
Bg5$5[<}$rJd@5$9$k$H99$K8+$d$9$$%9%Z%/%H%k$H$J$k!#$3$l$K$O!"continuum $H$$$&

%?%9%/$GO"B38w@.J,$r%U%#%C%H$7$FBg5$5[<}J,$r:9$70z$/$3$H$,$G$-$k$,!"Jd@5$7$F$$$J
$$$^$^$G$bLdBj$O$J$$!#K\8&5f$G=P$9%9%Z%/%H%k?^$G$O!"$3$NJd@5$O9T$C$F$$$J$$!#
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Bh3>O =i4|4QB,

3.1 B,8wI8=`@1$G$N%-%c%j%V%l!<%7%g%s

B,8w2r@O$r9T$&:]$K$O!"AjBPB,8w$r$7$FD6?7@1$N8wEY$r5a$a$k$N$,0lHLE*$G$"$k!#AjBP
B,8w$r$9$k$?$a$NHf3S@1$NEy5i$O%+%?%m%0Ey5i$H$7$F4{$KD4$Y$i$l$?$b$N$,$"$k$,!"ITDj
@-$,$d$dBg$-$/!"5DO@$7$?$$FbMF$K@:EY$,DI$$$D$+$J$$2DG=@-$,9b$$!#$=$3$GEy5i$,?.Mj
$G$-$kLandolt I8=`@1$r;H$C$F!"Hf3S@1$NEy5i$rF3=P$9$k$3$H$r$3$3$G$OL\I8$H$9$k!#B,
8wLk$H$J$C$?2012G/ 4 7n26F|$K!"I= 3.1$N$h$&$KLandolt I8=`@1$r4QB,$7$?!#

I= 3.1: LandoltB,8wI8=`@1$N4QB,

NN0hL> ;~4V(UT) 9bEY %b!<%I

SA101 12:10:08 � 50� BVRI 3F3 Kg

PG1323 12:26:53 � 40� BVRI 3F3 Kg

PG1525 12:47:34 � 25� BVRI 3F3 Kg

PG1657 13:17:22 � 25� BVRI 3F3 Kg

SN 2012au 13:39:54 � 40� BVRI 3F3 Kg

PG1657 14:59:44 � 45� BVRI 3F3 Kg

[Bg5$8:8wN(]
$^$:!"Bg5$8:8wN($r5a$a$k!#B,8w$GF@$i$l$?%+%&%s%H@QJ,CM$r1 [B$"$?$j$N%+%&%s%H

I inst $KD>$7!"
minst = � 2:5 � log10 I inst + 22:0 (3.1)

$H$7$F4o3#Ey5iminst $r5a$a$k!#$3$3$G22.0$OEy5i%<%mE@$N0UL#$G$"$k$,!"$3$N;~E@$G$O
E,Ev$J?t;z$G$h$$!#0lO"$N7W;;$GF1$8?t;z$rMQ$$$F$*$$$F!":G8e$KEy5i%<%mE@$bJd@5$9$k!#

3F@1$K$D$$$F!"%+%?%m%0Ey5imcat $H$N:9

m0 = mcat � minst (3.2)

$r5a$a$k!#$3$&$7$F!"3F%P%s%I$G2#<4$K%(%"%^%91!"=D<4$Km0$r$H$C$??^$r%W%m%C%H$9$k!#
$9$k$H%(%"%^%9$,Bg$-$/$J$k$K$D$l$FD>@~E*$K8:8w$9$kMM;R$,8+$($F$/$k$O$:$G$"$k!#$b

1%(%"%^%9$OCO5eBg5$$G$N;6Mp$N1F6A$NBg$-$5$N;XI8!#4QB,;~$NE7D:3Q$rz $H$9$k$H%(%"%^%9$O1cos(z) $H

I=$9$3$H$,$G$-$k!#
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$78+$($F$3$J$1$l$P!"Bg5$$N>uBV$,JQ2=$7$?$j!"1'Ch@~$N1F6A$r<h$j=|$/$3$H$,$G$-$F$$
$J$$$J$I$r5?$&$Y$-$G$"$k!#Nc$($PR %P%s%I$NBg5$8:8w6J@~$r?^3.1$K<($9!#4QB,E@$OD>
@~$G%U%#%C%H$9$k$3$H$,$G$-!"$3$N79$-$,Bg5$8:8wN($H$J$k!#D>@~y = a � [airmass] +b
$GI=$9$3$H$,$G$-$?$i!"3F%G!<%?E@$N%+%?%m%049;;Ey5im0

cat $r

m0
cat = minst � y

= minst � (a � [airmass] +b) (3.3)

$H$7$F5a$a$k!#
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m
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=
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ca
t-m
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st
)

Air Mass

fit : y=a*x+b
a = 0.133921
b = -1.27617

R band
fit

?^ 3.1: R%P%s%I$NBg5$8:8w6J@~

[color term Jd@59]̀
B3$$$F!"color termJd@59`$r5a$a$k!#3F%P%s%I$NA4%G!<%?$K$D$$$F!"2#<4$K4o3#%+%i!<!"

=D<4$Kmcat � m0
cat $r%W%m%C%H$9$k!#4o3#%+%i!<$OBVRIz' %P%s%I$K$D$$$F$=$l$>$l!"B-V !"

V-R!" V-R!" R-I!" R-z' $r$H$k$3$H$K$9$k!#Nc$($PR %P%s%I$Ncolor term0MB8$r? 3̂.2$K<(
$9!#:F$S0l<!D>@~y = c� [color] + d $r%U%#%C%H$5$;$k$3$H$,$G$-$?$i!"$=$N78?tc$, color
term Jd@59`$H$J$k!#$3$&$7$F!"G$0U$NE7BN$KBP$7$F

mreal = m0
cat + c � [color] + d

= minst � (a � [airmass] +b) + c � [color] + d (3.4)

$G5a$a$i$l$k mreal $,:G=*E*$JB,8w7k2L$H$J$k!#
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fit : y=c*x+d
c = 0.137147
d = -0.0645785

SA101
PG1657

fit

?^ 3.2: R%P%s%Icolor term0MB8@-

[$^$H$a]

Nc$($PB %P%s%I$GB inst = � 2:5 � log10
N

[exptime ] $H$7$F!"

B = B0 + B inst + C A B � [airmass] + C B BV � (B inst � Vinst )

V = V0 + Vinst + C A V � [airmass] + C B V R � (Vinst � Rinst )

R = R0 + Rinst + C A R � [airmass] + C B V R � (Vinst � Rinst )

I = I 0 + I inst + C A I � [airmass] + C B RI � (Rinst � I inst )

z0 = z0
0 + z0

inst + C A z0 � [airmass] + C B Iz 0 � (Rinst � z0
inst )

I= 3.2: F3=P%Q%i%a!<%?
zero-magnitude

B0 21.180� 0.040
V0 22.446� 0.028
R0 22.896� 0.023
I 0 22.838� 0.037
z0

0 23.123� 0.083

airmass
C A B 0.321� 0.057
C A V 0.218� 0.029
C A R 0.134� 0.026
C A I 0.071� 0.026
C A z0 0.071� 0.0262

color term
C B BV 0.352� 0.054
C V V R 0.163� 0.063
C R V R 0.137� 0.052
C I RI 0.099� 0.089
C z0 Rz0 1.504� 0.323

2z' %P%s%I$NBg5$8:8w78?t$O!"ET9g>e!"I %P%s%I$HF1$8$b$N$H$7$?!#
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[Hf3S@1$NEy5i]
>e5-$NJ}K!$G?^$K<($7$?Hf3S@1$NEy5i$rI=3.3$N$h$&$KF3=P$7$?!#$3$l0J9_<($98wEY6J

@~$OC1$H$NAjBPB,8w$K$h$C$F5a$a$?$b$N$G$"$k!#C1-C2$,4QB,4|$rDL$7$F$[$\0lDjCM$r
<($7$?$N$G!"C1 $,Hf3S@1$H$7$FLdBj$J$$$3$H$b3NG'$G$-$?(Nc$($PJQ8w@1$J$iHf3S@1$H
$7$F$O;H$($J$$)!#

?^ 3.3: =i4|4QB,$GMQ$$$kHf3S@1

I= 3.3: Hf3S@1$NEy5i

C1 C2 C3 C4
B 15.75� 0.04 16.22� 0.04 15.50� 0.04 14.38� 0.04
V 14.53� 0.03 15.04� 0.03 14.67� 0.03 13.49� 0.03
R 13.95� 0.02 14.46� 0.02 14.30� 0.02 13.13� 0.02
I 13.36� 0.04 13.88� 0.04 13.83� 0.04 12.68� 0.04
z0 14.13� 0.08 14.62� 0.08 14.41� 0.08 13.22� 0.08
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3.2 4QB,7k2L

3.2.1 5[<}NL$NJd@5

4QB,$7$FF@$?L@$k$5$K$O!"Jl6d2O$d2f!9$N6d2O$G$N5[<}$O9MN8$5$l$F$$$J$$!#D6?7@1$N
@dBPE*$JL@$k$5$r@53N$K=P$9$?$a$K$O$3$NJd@5$O7g$+$;$J$$$N$G!"$^$:$O$3$N5[<}NL$r8+
@Q$b$C$F$_$k!#

6d2O$d@14V?P$G$N5[<}$O!"@D$$B&$N8w$[$I$h$/5[<}$5$l$k$N$G!"5[<}$r<u$1$?8e$O?'$,
@V$/$J$C$F4QB,$5$l$k!#$3$l$r@V2=$H$$$&!#$3$N@V2=$N6q9g$rEB� V $N$h$&$KI=$7!"$3$l
$r?'D62a$H$$$&!#5[<}$r<u$1$kA0$NB %P%s%I$HV %P%s%I$NEy5i$r$=$l$>$lB0 $HV0!"5[<}
$r<u$1$?8e$NB %P%s%I$HV %P%s%I$NEy5i$r$=$l$>$lB1 $HV1 $HI=$9$H$9$k$H!"?'D62a$O

EB� V = ( B1 � V1) � (B0 � V0) (3.5)

$N$h$&$KI=$9$3$H$,$G$-$k!#
2f!9$N6d2O$N5[<}$K$D$$$F$O1s@V30@~0h$dEEGH4QB,$G4{$K$h$/D4$Y$i$l$F$*$j!";k@~J}

8~$@$1$G$=$N5[<}NL$,J,$+$k$h$&$K$J$C$F$$$k!#Schlegel et al. 1998$K$h$l$P!"Jl6d2O
NGC 4790$NJ}8~$K$*$$$F$=$N5[<}NL$OE MW

B� V = 0:048$G$"$k!#
Jl6d2O$N5[<}$K$D$$$F$O!"%9%Z%/%H%k$K8=$l$k(Jl6d2O$K$h$k)Na I D @~(�� 5890, 5896)

$N5[<}$NEy2AI}$+$i8+@Q$b$k(Posnanski et al. 2012)!# SN 2012au$NJ,8w4QB,$GF@$i$l$?
%9%Z%/%H%k$N$&$A!"S/N Hf$,NI$$$b$N$rA*$s$GJ?6Q$7$?$b$N$r?^3.4$K<($9!#

 5840  5860  5880  5900  5920  5940  5960

Rest Wavelength [Å]

Good S/N average

?^ 3.4: %9%Z%/%H%k$NS/N NI$$$b$N$NJ?6Q

$3$N5[<}ItJ,$NEy2AI}$r7W;;$9$k$HLs1.6�A $G$"$k!#$?$@$7$3$N?^$+$i$ONa I D @~$N5[
<}$OM-0U$H$O8@$$@Z$l$J$$$N$G!"5a$a$?Ey2AI}$O>e8BCM$H$J$k!#
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Ey2AI}$H5[<}NL$N4X78$O<!$N$h$&$KI=$;$k$3$H$,J,$+$C$F$$$k(Poznanski et al. 2012)!#

log10(EB� V ) = 1 :17� EW(NaID) � 1:85� 0:08 + log10(
3:1
RV

) (3.6)

$3$3$GRV $O!"AV $r V %P%s%I$G<u$1$k5[<}NL$H$9$k$HRV = AV =EB� V $GDj5A$5$l$kNL
$G!"2f!9$N6d2O$G$O3.1$,E,@Z$JCM$@$H$5$l$F$$$k3!#Jl6d2O$K$O$I$NCM$,:GE,$+J,$+$i$J
$$$,!"$3$3$G$O3.1$r2>Dj$7$F7W;;$9$k$3$H$H$9$k!#$9$k$H!"<03.6$+$i$OE host

B� V � 0:035
$,F@$i$l$k!#$3$NCM$O!"Nc$($PV %P%s%I$G$O0.1Ey0J2<$NJd@5NL$H$J$j!"L5;k$G$-$k$[$I
>.$5$$!#$h$C$F$3$3$G$O$3$NCM$r%<%m$H$_$J$9$3$H$H$9$k!#

0J>e$h$j!"6d2O$K$h$k5[<}NL$OE total
B� V = 0:048$rE,MQ$9$k!#$3$l0J9_$G=P$9?^$bA4$F$3

$NJd@5$r9T$C$?$b$N$G$"$k!#

3.2.2 8wEY6J@~!"?'

?^ 3.5$KSN 2012au$N=i4|4QB,$GF@$i$l$?8wEY6J@~$r<($94!#2#<4$OR %P%s%I$N6KBg$+
$i$NF|IU$G!"=D<4$,8+$+$1$NEy5i$K6d2O5[<}$rJd@5$7$?CM$G$"$k!#3F%P%s%I$NEy5i$,=E
$J$C$F8+$E$i$/$J$i$J$$$h$&!"?^$K<($7$?CM$N%*%U%;%C%H$r$+$1$FI=<($7$F$$$k!#
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?^ 3.5: SN2012au=i4|4QB,$N8wEY6J@~

3@17A@.$,3hH/$JNN0h$G$O4 $+$i 6 $/$i$$$NCM$K$J$k
470� 100F|IU6a$G%G!<%??t$,>/$J$$$N$OG_1+$G4QB,$G$-$J$+$C$?$?$a$G$"$k!#
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6KBgF|$O!"R %P%s%I$N8wEY6J@~$r9b<!4X?t$G%U%#%C%H$5$;$k$3$H$G5a$a$?$H$3$m(?^3.6)!"
2012G/ 3 7n21� 1 F|$G$"$k$3$H$,J,$+$C$?!#

 13
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R
fit

?^ 3.6: R%P%s%I6KBgItJ,$N%U%#%C%H$NMM;R

6KBg$G$NR %P%s%I$NEy5i$ORmax = 13:1 � 0:1 Ey$G$"$C$?!#$3$l$O!"Jl6d2O$^$G$N5wN%
23.6Mpc(� = 31:87)$rMQ$$$k$H!"@dBPEy5i$GMR; max = � 18:7 � 0:2 Ey5$KBP1~$9$k!#

Lick Observatory Supernova Search(LOSS)$H$$$&D6?7@1%5!<%Y%$$,Js9p$7$?$H$3$m$K
$h$k$H!"Ib/Ic 7?D6?7@1$NJ?6QE*$J@dBPEy5i$OhMR; max i = � 16:1 � 1:2 Ey$G$"$k$H$$$&
(Li et al. 2011)!#$^$?JL$ND4::$K$h$k$H!"Ib 7?D6?7@1$NJ?6QE*$J@dBPEy5i$OhMR; max i =
� 17:9 � 0:9 Ey$G$"$k(Drout et al. 2012)6!#$D$^$j!" SN 2012au$N-18.7Ey$H$$$&$N$OIb
7?$NCf$G$O$+$J$jL@$k$$ItN`$KF~$k!#3F%P%s%I$G$N6KBgF|$H6KBg$G$N8+$+$1$NEy5i$H@dBP
Ey5i$r$^$H$a$?$b$N$rI=3.4$K<($9!#

I= 3.4: 3F%P%s%I$G$N6KBgF|$H6KBg$G$N8+$+$1$NEy5i$H@dBPEy5i

%P%s%I 6KBgF| 8+$+$1$NEy5i @dBPEy5i

B 3 7n19� 1F| Bmax = 14:1 � 0:1 MB; max = � 17:8 � 0:2
V 3 7n20� 1F| Vmax = 13:3 � 0:1 MV; max = � 18:6 � 0:2
R 37n21� 1F| Rmax = 13:1 � 0:1 MR; max = � 18:7 � 0:2
I 3 7n23� 1F| I max = 13:0 � 0:1 M I; max = � 18:9 � 0:2
z' 3 7n22� 1F| z0

max = 13:3 � 0:1 M z0; max = � 18:6 � 0:2

5$3$3$K$OJl6d2O$^$G$N5wN%$NITDj@-$H$7$F0.2Ey$r2CL#$7$?!#
6Li et al. 2011$G$OLOSS$GH/8+$5$l$?$[$H$s$I$ND6?7@1$KBP$7$FD4$Y$i$l$?0lJ}!"Drout et al. 2012

$G$O$3$l$^$G$K$h$/4QB,� 8&5f$5$l$?D6?7@1(� L@$k$$$b$N$,B?$$) $KBP$7$FD4$Y$i$l$?!#$3$N2 $D$ND4::
$N7k2L$N:9$O$3$N$h$&$KJl=8CD$N0c$$$K$h$k$b$N$G$"$j!"0lHLE*$K$OIb/Ic 7?D6?7@1$NJ?6QE*$J@dBPEy5i
$O-17EyA08e$H$$$&$N$,6&DLG'<1$N$h$&$G$"$k!#
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6KBg$r2a$.$k$H$@$s$@$s$H0E$/$J$C$F$$$/!#$I$N$/$i$$$NAa$5$G0E$/$J$C$F$$$/$+$N;X
I8$N1 $D$K!"6KBg$+$i15F|7P2a$7$?$H$-$K6KBg$+$i2?Ey0E$/$J$C$?$+$H$$$&%Q%i%a!<%?
� m15 $,$"$k!# SN 2012au$NR %P%s%I$G$O� m15(R) = 0 :57� 0:06Ey$G$"$j!"Drout et al.
2012$GD4$Y$i$l$?J?6QE*$JHO0O0.4� 0.8Ey$K<}$^$k!#

6KBg30F|$r2a$.$k$H!"0E$/$J$C$F$$$/3d9g$,>.$5$/$J$C$F$$$/!#$3$l0J9_$N8wEY6J@~
$O' %F%$%k(tail)' $H8F$P$l$F$$$k!#$3$NItJ,$N8:8w3d9g$O!"R %P%s%I$G1F|$"$?$jLs 0:017
Ey$G$"$C$?!#

?^ 3.7$KR %P%s%I$N8wEY6J@~$rB>$ND6?7@1$HHf3S$7$?$b$N$r<($9!#Hf3SBP>]$O!"Ib 7?
SN 2009jf!" Ib-IIb 7?SN 2008ax!" Ic 7?SN 1998bw!" IIb 7?SN 1993J!" LOSS$GD4$Y$i$l$?
Ib/Ic 7?D6?7@1$N?J2=$,Aa$$$b$N!"J?6QE*$J$b$N!"CY$$$b$N$G$"$k!#=D<4$O@dBPEy5i$G!"
SN 2012au$N6KBg$H9g$&$h$&$KB>$ND6?7@1$N8wEY6J@~$rE,@Z$K%7%U%H$5$;$FI=<($5$;$F
$$$k!#6KBgIU6a$G$OSN 2012au$OSN 1998bw$dLOSS$NJ?6QE*$J$b$N$K$h$/;w$F$*$j!"
SN 2008ax$dSN 1993J$h$j$b$d$dCY$a$N8wEY6J@~$rIA$$$F$$$k!#0lJ}!"%F%$%k0J9_$O$3
$l$i$ND6?7@1$h$j$bCY$$?J2=$r$?$I$C$?!#$?$@$7CY$$$H$$$C$F$b!"Ib 7?$NCf$G$O?J2=$,
CY$$D6?7@1$H$7$FCN$i$l$F$$$kSN 2009jf$[$I$G$O$J$+$C$?!#8wEY6J@~$N%F%$%k$NItJ,$N
79$-$O56Ni $+$i$N%,%s%^@~$N%(%8%'%/%?$X$N5[<}8zN($rH?1G$7$F$$$k$H9M$($i$l$k(>\:Y
$O§ 3.3.1)!#
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?^ 3.7: R%P%s%I$N8wEY6J@~$NHf3S

B3$$$F!"D6?7@1$N?'(color) $K$D$$$F8+$F$$$/!#?3̂.8$KSN 2012au$N?'6J@~$r<($9!#?'
;X?t$O!"@V$$$[$IBg$-$J!"@D$$$[$I>.$5$JCM$r<($9!#B-V !" V-R!" R-I $O!"6KBg20F|8e$"
$?$j$^$G$O@V$/$J$C$F$$$-!"$=$N8e$O$@$$$?$$%U%i%C%H$K$J$C$?!#0lJ}!"I-z' $O6KBgIU6a
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$+$i$:$C$H@D$/$J$C$F$$$/798~$G$"$C$?!#HOWPol $Nz' %P%s%I$OY %P%s%I$NGHD90h$N0l
It$b9g$o$;$?9-$a$N%U%#%k%?!<$G$"$k$3$H$G$3$N$h$&$J?'$r<($7$F$$$k$N$+$b$7$l$J$$!#
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?^ 3.8: SN 2012au$N?'

?'$rHf3S$7$?$b$N$r? 3̂.9$K<($97!# SN 2012au$OB-V $OSN 2008ax$K!"V-R $HR-I $O
SN 2009jf$K;w$F$$$k$h$&$G$"$k!#6KBg10F|8e$G$NV-R $OV � R = 0:36� 0:02Ey$G$"$C
$?!#$3$l$ODrout et al. 2011$GJs9p$5$l$F$$$kIb/Ic 7?$NJ?6QHO0O0:26� 0:06Ey$h$j$b
$d$d@V$$7k2L$G$"$k!#
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?^ 3.9: ?'$NHf3S

7B>$ND6?7@1$G$Oz' %P%s%I$NB,8w7k2L$,L5$$$N$GI-z' $OHf3S$G$-$J$$
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3.2.3 %9%Z%/%H%k

?^ 3.10$K%9%Z%/%H%k$N?J2=$r<($9!#2#<4$O@VJ}JP0\0.004483$r;H$C$F@E;_GHD9$KD>$7
$?$b$N$G$"$k!#=D<4$O%m%0%9%1!<%k$G!">e$+$i%9%Z%/%H%k$N;~4V?J2=$,J,$+$j$d$9$$$h$&
$K$=$l$>$l$N%9%Z%/%H%k$rE,@Z$K%7%U%H$5$;$FI=<($7$?!#?^Cf$KLp0u$G<($7$F$"$kDL$j!"
6KBgIU6a$OE4(Fe II � 5169)!"%X%j%&%`(He I ��� 5876, 6678, 7065)!"%+%k%7%&%`(Ca II IR
� 8571)$N5[<}$,FCD'E*$G$"$k!#� 6100IU6a$N5[<}$O!"Si II � 6355$+H� � 6563$K$h$k$b$N
$G$"$k2DG=@-$,9b$$$,<+L@$G$O$J$$!#6KBg8e100F|$r1[$($?%9%Z%/%H%k$G$O;@AG$d%+%k%7
%&%`$J$I!"8e4|%9%Z%/%H%k$K$h$/8+$i$l$k51@~$,8=$l$O$8$a$?!#
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?^ 3.10: %9%Z%/%H%k$N?J2=

6KBgIU6a$H6KBg8e30F|$"$?$j$N%9%Z%/%H%k$rHf3S$7$?$b$N$r?^3.11$K<($9!#Hf3SBP>]
$OIb 7?SN 2009jf$HSN 1999dn$G$"$k!#He I $J$I$N5[<}@~$N%T!<%/$,B>$ND6?7@1$h$j$b
@DJ}JP0\$7$F$$$k$N$,J,$+$k!#$3$l$O30AX$NKDD%B.EY$,Bg$-$$$3$H$r<(:6$7$F$$$k!#>\$7
$/$O§ 3.3.2$G5DO@$9$k!#
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?^ 3.11: %9%Z%/%H%k$NHf3S

3.3 5DO@

4QB,$GF@$i$l$?7k2L$K4p$$$F!"$3$ND6?7@1$NAG@-$rC5$C$F$$$/!#=i4|4QB,$G$N5DO@$K$*
$$$F$O!"56Ni @8@.NL!"%(%8%'%/%?<ANL!"GzH/%(%M%k%.!<$r8+@Q$b$k$N$,L\I8$H$J$k!#

3.3.1 AmmU<M8wEY$H56Ni @8@.NL

$3$3$G$O!"F@$i$l$?8wEY6J@~$+$iAmmU<M8wEY$r5a$a!"%(%M%k%.!<8;$G$"$k56Ni $N<ANL
$r8+@Q$b$k!#

AmmU<M8wEY$H$O!"A4GHD9NN0h$K$o$?$C$F$NJ|<M%(%M%k%.!<$NAmOB$G$"$k!#D6?7@1$O2D
;k8w$r0lHV6/$/J|<M$7$F$$$k$,!"<B:]$K$O2D;k8w0J30$K$b;g30@~$d@V30@~$r>/$+$i$:J|
<M$7$F$$$k$O$:$G$"$k!#$7$+$7$3$N4QB,$G$OBV RIz 0%P%s%I$NB,8w7k2L$7$+$J$$$?$a!"
AmmU<M8wEY$NF3=P$K$O2?$+2>Dj$r$9$k$7$+$J$$!#$3$3$G$O!"!V6KBgIU6a$G$OBV RI %P%s
%I$NJ|<M%(%M%k%.!<$,A4J|<M%(%M%k%.!<$N60%$r@j$a$F$$$k!W$3$H$r2>Dj$9$k(Tomita
et al. 2006)8!#$?$@$7!"$3$l$OHs>o$KBg;(GD$J2>Dj$J$N$G20%DxEY$NITDj@-$rH<$&!#$3$&
$7$F7W;;$7$?AmmU<M8wEY6J@~$r?^3.12$K<($9!#6KBg$K$*$1$kSN 2012au$NAmmU<M8wEY$O
Lmax = (6 :7� 1:3) � 1042 erg s� 1 $G$"$k!#$3$l$OB>$NIb 7?D6?7@1SN 2009jf(3:2� 1042 erg

8$5$i$K!" BV RI %P%s%I$NJ|<M%(%M%k%.!<$,@j$a$k3d9g$b;~4V$H$H$b$KJQ2=$9$k$O$:$J$N$G!"6KBg$+$i
$7$P$i$/7P$C$?;~4|$GF1MM$K5a$a$k$N$K$b$5$i$KITDj@-$,@8$8$k!#$7$+$7$J$,$iBeBX$NJ}K!$bFq$7$$$N$G
=i4|4QB,$G$OA4$F$3$N2>Dj$K4p$$$FF3=P$9$k!#
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s� 1; Sahu et al. 2011)$dSN 2008ax(2:4 � 1042 erg s� 1; Taubenberger et al. 2011)$KHf$Y
$FM-0U$KBg$-$$CM$G$"$k!#$7$+$b!"6KD6?7@1$H$7$FCN$i$l$kSN 1998bw$K$b6a$$CM$G$"
$k!#Ev$?$jA0$@$,!"@dBPEy5i$,L@$k$$$H$$$&7k2L$H0lCW$7$F$$$k!#
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?^ 3.12: AmmU<M8wEY

Ib/Ic 7?D6?7@1$N6KBgIU6a$NJ|<M$N0lHLE*$J2r<a$O!">W7bGHEAGE$N$H$-$K@8@.$5$l$?
56Ni(56Co) $,Jx2u$9$k$H$-$K=P$7$?%,%s%^@~(<03.7!"<0 3.8)$,!"<~$j$NL)EY$N9b$$%(%8%'
%/%?$K5[<}� ;6Mp$5$l$F%(%M%k%.!<$rMn$H$7!"2D;k8w$"$?$j$K$J$C$?$b$N$,8w5eI=LL$K=P
$F$-$F4QB,$5$l$k!"$H$$$&$b$N$G$"$k(Arnet 1982)!#

56Ni ! 56Co +  (1:72MeV) (3.7)
56Co ! 56Fe +  (3:5MeV) (3.8)

$h$C$F6KBg$G$NAmmU<M8wEY$+$i@8@.$5$l$?56Ni NLM (56Ni) $r8+@Q$b$k$3$H$,$G$-$k!#Gz
H/$7$F$+$i6KBg$KC#$9$k$^$G$NF|?t$rt r (rising time) $H$9$k$H!"

Lmax =
�
6:45� e� t r

8:8 + 1:45� e� t r
111 :3

�
�

� M (56Ni)
M �

�
� 1043erg s� 1: (3.9)

$N$h$&$K6KBg8wEY$,I=$;$k(Stritzinger et al. 2006)!# Lmax = 6:7 � 1042 erg s� 1 $Ht r =
16:5� 1:0F| (Milisavljevic et al. 2013b)$rMQ$$$k$H!"M (56Ni) = 0 :30 M� $,F@$i$l$k!#$3
$NCM$OB>$NIb 7?SN 2008ax(0.07{0.15 M� ) $dSN 2009jf(0.14{0.20 M� ) $h$j$bBg$-$$!#

[1 @.J,%b%G%k]
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>e=R$N56Ni @8@.NL$N8+@Q$b$j$OAmmU<M8wEY6J@~$N6KBgItJ,$+$i5a$a$?$b$N$G$"$k$,!"%F
%$%k$NItJ,$+$i$b8+@Q$b$k$3$H$,2DG=$G$"$k!#$3$3$G$OC1=c$J1@.J,%b%G%k$r9M$($k!#%(
%8%'%/%?Cf$NL)EY$,$[$\0lMM$G$"$k$3$H$r2>Dj$7$F$$$k!#

$^$:!"%,%s%^@~$,%(%8%'%/%?$KA4$F5[<}$5$l$k(Full trap) M}A[E*$J>l9g$r9M$($k$H
M (56Ni) = 0 :30 M� $,F@$i$l$k!#$3$l$O6KBg$+$i56Ni @8@.NL$r5a$a$?$N$HF1$8>u67$r
9M$($F$$$k$?$a!"F@$i$l$?CM$bF1$8$b$N$H$J$C$F$$$k!#

$h$j8=<BE*$J>u67$K6a$E$1$k$?$a!":#EY$O%,%s%^@~$,%(%8%'%/%?$KItJ,E*$K5[<}$5$l$k
>l9g$r9M$($k!#%(%8%'%/%?Cf$N8w3XE*8|$5� $rF3F~$9$k$H!"AmmU<M8wEY$O

L = M (56Ni)e(� td =113d)[�  (1 � e� � ) + � e+ ] (3.10)

� = 1000 �
(Mej=M� )2

E51
t � 2
d , (3.11)

$HI=$9$3$H$,$G$-$k9!#$3$3$G!"td $O(6KBg$+$i$G$O$J$/) GzH/$+$i$NF|?t!" �  = 6:8 �
109 erg s� 1 g� 1 $H� e+ = 2:4 � 108 erg s� 1 g� 1 $O$=$l$>$l%,%s%^@~$HM[EE;R$N%(%M%k%.!<
%G%]%8%C%HNL!"(Mej=M� ) $OB@M[<ANLC10L$G$N%(%8%'%/%?<ANL$G$"$k!#$3$l$r;H$C$F!"%U%#%C
%H%Q%i%a!<%?(� $HM (56Ni)) $r?'!9$HJQ2=$5$;$F%U%#%C%H$r;n$_$?$N$,?^3.13$G$"$k!#$3
$N?^$NDL$j!"$3$N%b%G%k$G$O4QB,E@$r==J,$K:F8=$9$k$3$H$O$G$-$J$$!#
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0.30Mo·  Ni full trap

Mej
2 / Ek = 10

Mej
2 / Ek = 4

Mej
2 / Ek = 2

one-zone model;
0.26Mo·  Ni fixed

SN 2012au     
full trap model   

one-zone model 1
one-zone model 2
one-zone model 3

?^ 3.13: 1@.J,%b%G%k$N%U%#%C%H$NMM;R!#6KBg8wEY$Htail $N79$-$NN>J}$,9g$&$h$&$K%U%#%C
%H$7$?$$$,>e<j$/9g$o$;$k$3$H$,$G$-$J$$!#

94JC1$N$?$a<0$K$O56Co $N4sM?$7$+5-=R$7$F$$$J$$$,!"?^$K$O56Ni $H56Co$NN>J}$N4sM?$r4^$a$F$$$k
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[2 @.J,%b%G%k]
C1=c$J1@.J,%b%G%k$G$O$&$^$/$$$+$J$+$C$?$N$G!"2@.J,%b%G%k$rF3F~$9$k10(Maeda et

al. 2003)!#:#EY$O!"30B&$HFbB&$GL)EY9=B$$,0[$J$k$3$H$r2>Dj$9$k!#30B&$HFbB&$NL)EY$r
$=$l$>$l � out !" � in !" 56Ni <ANL$r$=$l$>$lMout (56Ni) !" M in (56Ni) $H$9$k$H!"8wEY$O<!$N$h
$&$KI=$9$3$H$,$G$-$k!#

Lopt = M in (56Ni)e(� td =113d)[�  (1 � e� � in ) + � e+ ]

+ Mout (56Ni)e(� td =113d)[�  (1 � e� � out ) + � e+ ] (3.12)

� in = 1000 �
h(Mej=M� )2

E51

i

in
t � 2
d (3.13)

� out = 1000 �
h(Mej=M� )2

E51

i

out
t � 2
d (3.14)

$3$N%b%G%k$G%U%#%C%H$9$k$H!"?^3.14$N$h$&$K4QB,E@$r:F8=$9$k$3$H$,$G$-$k!#I=3.5$K
<($7$?%U%#%C%H%Q%i%a!<%?$NDL$j!"� in $, � out $KHf$Y$FHs>o$K9b$$!#$3$N7k2L$OCf?4It$KHs
>o$K9bL)EY$NNN0h$,$"$k$3$H$r<(:6$7$F$$$k!#$=$7$F$3$l$O!"%8%'%C%H$N$h$&$JHsBP>N$J
GzH/$r$7$?$H$5$l$kSN 1998bw$G$N%U%#%C%H7k2L$HF1MM$G$"$k!#

56Ni @8@.NL$OMout (56Ni) $HM in (56Ni) $NOB$G!"0.26M� $H$J$k!#6KBg8wEY$+$i5a$a$?
0.30M� $H$O$d$d:9$,$"$k$,!"$3$l$O6KBg$+$i5a$a$?56Ni <ANL$,$d$dB?$/8+@Q$i$l$k798~
$,$"$k$3$H$K$h$k!#56Ni <ANL$O!"6KBg8wEYLbol $HJ|<M8zN(� $rMQ$$$k$HM (56Ni) = L bol

� _S(tR )
$HI=$9$3$H$,$G$-!"6KBgIU6a$G$O� $O1$G$O$J$/1.2$/$i$$$NCM$K$J$k!#$h$C$F!"56Ni @8
@.NL$H$7$F$O0.26M� $,$h$j@53N$J8+@Q$b$j$G$"$k2DG=@-$,$"$k$,!"6KBg$+$i5a$a$i$l$k
$3$H$NB?$$B>$ND6?7@1$HHf3S� 5DO@$9$k$?$a!"K\8&5f$G$O0.30M� $r7kO@$H$9$k!#

10;~Dj?t$N0[$J$kJL$NJ|<M8;$,$"$k2DG=@-$b$"$k$,!"85AG9g@.$N4QE@$+$i$O9M$($K$/$$!#
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SN 2012au
two-zone model

?^ 3.14: 2@.J,%b%G%k$N%U%#%C%H$NMM;R!#6KBg8wEY$Htail $N79$-$,F1;~$K9g$&$h$&$J%U%#%C
%H$,$G$-$?!#

I= 3.5: 2@.J,%b%G%k$N%U%#%C%H%Q%i%a!<%?

SN 2012au SN 1998bw

M in (56Ni) 0.14 0.11
[(Mej=M� )2=E51]in 20 26

Mout (56Ni) 0.12 0.44
[(Mej=M� )2=E51]out 2 1

3.3.2 @~B.EY

B3$$$F!"%9%Z%/%H%k$+$i@~B.EY$rB,$k!#@~B.EY$H$OJ|=PBg5$$NKDD%B.EY$N$3$H$G$"$j!"
@E;_7O$G4QB,$G$-$k$O$:$NGHD9$+$i$N%:%l$GB,$k$3$H$,$G$-$k!#??$KJ|<M$7$F$$$kGHD9$r
� r !"<B:]$K4QB,$7$?GHD9$r� o!"8wB.$r c!"KDD%B.EY$rv $H$9$k$H

� �
� r

=
� r � � o

� r
=

v
c

(3.15)

$,@.$jN)$D!#
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Nc$($PHe I � 5876$N>l9g$r9M$($k!#F@$i$l$?%9%Z%/%H%k$N@VJ}JP0\$rJd@5$7(= @E;_7O
$KD>$7)!" He I $N5[<}ItJ,$rFs<!4X?t$d%,%&%7%"%s$G%U%#%C%H$7$F%T!<%/$r5a$a$k!#$=$N
GHD9$,� 5700$@$C$?$H$9$k$H@~B.EY$O

v = c �
5876� 5700

5876
= � 9000 km s� 1

$H7W;;$G$-$k!#D6?7@1$N@~B.EY$O6KBgIU6a$G?t@i� 1 K|?t@i km s� 1 $K5Z$S!"$@$s$@$s$H
8:B.$7$F$$$/!#

@~B.EY$rHe I � 5876!" Ca II IR � 8571!" Fe II � 5169$GB,$j!"B>$ND6?7@1$HHf3S$7$?$b$N
$r?^ 3.15$K<($9!#$^$.$i$o$7$/$J$k$3$H$rHr$1$k$?$a?^$K8m:9$rA4$F$O<($7$F$$$J$$($?
$@$7;29M$N$?$aSN 2012au$N:G=i$H:G8e$NE@$@$1<($7$F$$$k) $,!"E57?E*$K$O500 km s� 1

DxEY$G$"$k!#SN 2012au$NHe I � 5876$N6KBgIU6a$N@~B.EY$O15000 km s� 1 $G!"Branch et
al. 2002$GD4$Y$i$l$?Ib 7?D6?7@1$NJ?6QE*$JCM(� 11000 km s� 1) $d!"?^$K<($7$?B>$ND6
?7@1$h$j$bBg$-$$!#6KBg0J9_$b$=$NB.EY$OB>$ND6?7@1$h$j$bBg$-$$CM$r<($7$?$^$^$G!"6K
Bg8e50F|7P2a$7$F$b10000 km s� 1 DxEY$NB.EY$r0];}$7$F$$$k!#$J$*!"He I � 5876$N@~B.
EY$ONa I D �� 5890,5896$N1F6A$r<u$1$F$$$k2DG=@-$,$"$k$,!"He I � 6678$dHe I � 7065
$G$bHeB.EY$rD4$Y$?$H$3$m1000 km s� 1 0JFb$G0lCW$7$?$N$G!"Na $N4sM?$OL5;k$G$-$k
$H9M$($k!#

He I � 5876$H6&$KCa II IR � 8571$N@~B.EY$bB>$ND6?7@1$h$j$bM-0U$KBg$-$=$&$G$"$k
$,!"0lJ}!" Fe II � 5169$N@~B.EY$OB>$ND6?7@1$HF1MM$N?6Iq$$$r<($7$F$$$k!#85AG4V$G$N
B.EY$N0c$$$O85AGJ,I[$N0c$$$KH?1G$5$l$k$O$:$G$"$k!#$^$?!"@~B.EY$,Bg$-$$$3$H$OGzH/
%(%M%k%.!<$,Bg$-$$$3$H$K$D$J$,$k!#
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?^ 3.15: He I� 5876!" Ca II IR � 8571!" Fe II � 5169$N@~B.EY

3.3.3 GzH/%Q%i%a!<%?$NF3=P

$3$3$G$O!"5a$a$?@~B.EY$+$i%(%8%'%/%?<ANL$HGzH/%(%M%k%.!<$r8+@Q$b$k!#
Arnett 1982$K$h$k$H!"%(%8%'%/%?<ANLMej $HGzH/%(%M%k%.!<Ek $O

t r / � 1=2 M 3=4
ej E � 1=4

k (3.16)

v / E 1=2
k M � 1=2

ej (3.17)

$N4X78$rK~$?$9!#$3$3$G� $O5[<}78?t$G!"29EY$d85AG$N<oN`$G7h$^$k!#<ANL$,Bg$-$$$[
$I!"%(%M%k%.!<$,>.$5$$$[$ID6?7@1J*<A$,G;$/$J$j!"8w$,$J$+$J$+=P$F$3$J$$(t r $,Bg$-
$$) $3$H!"$5$i$K!"5[<}78?t$,Bg$-$$$[$I8w$N5[<}$N8zN($,$h$/!"F1MM$K8w$,=P$K$/$/$J
$j t r $,Bg$-$/$J$k!#$^$?!" v $OE57?E*$JKDD%B.EY$G$"$k!#$3$NB.EY$K$O!"6KBg$G$NHeB.
EY� 15000 km s� 1 $rMQ$$$k$3$H$H$9$k!#

$3$N4X78$r!"B>$ND6?7@1$GD4$Y$i$l$?%Q%i%a!<%?$HHf$Y$FEv$F$O$a$k$3$H$GSN 2012au
$N%Q%i%a!<%?$r8+@Q$b$k!#Hf3SBP>]$H$7$F$OF1$87?$ND6?7@1$,E,@Z$G!"$=$NCf$G$b$h$/8&
5f$5$l$? SN 2008D$rMQ$$$k$3$H$K$9$k!#SN 2008D$N%Q%i%a!<%?$Ot r = 22d() !" Mej = !"
Ek =(Tanaka et al. 2009)$G$"$k!#$3$l$r<0$H<0$KEv$F$O$a$k$H!"SN 2012au$N%Q%i%a!<
%?Mej = 5{7 M � $HEk = (7{18) � 1051 erg$,F@$i$l$k!#
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$3$3$^$G$G5a$a$F$-$?GzH/%Q%i%a!<%?$rB>$NMM!9$JD6?7@1$HHf3S$9$k(I= 3.6)!#?^ 3.16
$O6KBg$G$NR %P%s%I@dBPEy5ivs. 6KBg$G$NHe I @~B.EY$G$"$k!#$3$N?^$NHf3SBP>]$OIb 7?
D6?7@1SN2011ei, 2009jf, 2008D, 2007Y, 2005bf, 1999ex, 1999dn, 1990I $HIb 7?D6?7@1$N
J?6QE*$JCM(NP) $G$"$k!#SN 2012au(@V) $OIb 7?$NCf$G$O$H$F$bL@$k$$$H$$$&$3$H$H@~B.
EY$,$H$F$bBg$-$$$H$$$&$3$H$,!"2~$a$FL@$i$+$H$J$C$?!#$5$i$K!"$3$N?^$K$*$$$FAj4X78
?t$r$H$C$F$_$k$H0.52($?$@$7FC0[$JSN 2005bf$O=|$$$F7W;;$7$?) $H$J$j!"<e$a$J$,$i@5
$NAj4X$,$"$j$=$&$G$"$k!#$3$N4X78$O$3$l$^$G$O;XE&$5$l$F$$$J$+$C$?$H;W$o$l$k!#SN
2012au$NE@$,2C$o$C$?$3$H$G8+$(;O$a$?Aj4X$H8@$C$F$$$$$+$b$7$l$J$$!#
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?^ 3.16: Ib/IIb 7?D6?7@1$K$*$1$k6KBg$G$NR %P%s%I@dBPEy5ivs. 6KBg$G$NHe I @~B.EY

$^$?!"?^ 3.17$O56Ni @8@.NLvs. GzH/%(%M%k%.!<$G$"$k!#Hf3SBP>]$O?^3.16$K2C$(
$F!" Ic 7?D6?7@1SN 2006aj, 2002ap, 1997ef!" Ic 7?D6?7@1$NJ?6QE*$JCM(NP)!"6KD6?7@1SN
2010bh, 2003dh, 1998bw!"6KD6?7@1$NJ?6QE*$JCM(@D) $G$"$k!#$3$N?^$K$*$$$F$OAj4X$,
$"$j$=$&$J$3$H$O4{$K;XE&$5$l$F$*$j!"(GRB $,IU?o$7$F$$$J$$$H$$$&0UL#$G) IaDL$ND6
?7@1$OM (56Ni) = 0{0 :2 M� !" Ek =(1{10) � 1051 erg$"$?$j$K<}$^$j!"6KD6?7@1$O$=$l$h
$j$bL@$k$/$+$D%(%M%k%.!<$NBg$-$JCM$r<($9$H$$$&$N$,Dj@b$G$"$k!#$5$F$3$N?^$+$iSN
2012au(@V) $NE@$OIb/Ic 7?$NJ?6Q$h$j$b!"$`$7$m6KD6?7@1$NJ?6Q$K6a$$$H$3$m$K0LCV$7$F
$$$k$3$H$,J,$+$k!#$3$l$i$N7k2L$O!"SN 2012au$,6KD6?7@1$K6a$$4QB,E*$JFCD'$r;}$C$F
$$$k$3$H$r<(:6$9$k!#
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I= 3.6: MM!9$JD6?7@1$NGzH/%Q%i%a!<%?

SN Type M R; max [mag] M (56Ni) [M � ] vHe [km s� 1] M ej [M � ] Ek [erg]

2012au
Ib -18.7� 0.2 � 0.30 15000� 300 5{7 (7{18)� 1051

This work (Takaki et al. 2013)

2011ei
Ib � -16.0 0.030� 0.010 � 10100 � 1.6 � 2.5� 1051

Milisavljevic et al. 2013

2009jf
Ib -18.121� 0.19a 0.17� 0.03a � 11800 4{9a (3{8) � 1051a

a: Sahu et al. 2011, Others: Valenti et al. 2011

2008D
Ib -16.58� 0.60 0.07� 0.005a � 11000 5.3� 1.0a (6.0� 2.5)� 1051a

a: Tanaka et al. 2009, Others: Soderberg et al. 2008, Modjaz et al. 2009

2007Y
Ib -16.43� 0.58 � 0.06 7400� 300 � 0.42 � 1050

Stritzinger et al. 2009

2005bf
Ibpec -18.1� 0.3a � 0.32b � 7100 6{7b (1.0{1.5)� 1051b

a: Folatelli et al. 2006, b: Tominaga et al. 2005

1999ex
Ib -17.99� 0.26 � 0.16 10600� 200 Unknown � 2.73� 1051

Stritzinger et al. 2002

1999dn
Ib -17.35� 0.40 � 0.11 � 14400 4{6 (5.0{7.5)� 1051

Benetti et al. 2011

1990I
Ib -17.35� 0.40 � 0.11 � 13400 4{6 � 1.0� 1051

Elmhamdi et al. 2004

Ibave
Ib -17.9� 0.9a 0.20� 0.16a � 11000b 2.0+1 :1

� 0:8
a 1.2+0 :7

� 0:5� 1051a

a: Drout et al. 2011, b: Branch et al. 2002

Icave
Ic -18.3� 0.6 0.24� 0.15 no 1.7+1 :4

� 0:9 1.0+0 :9
� 0:5� 1051

Drout et al. 2011

HNave
Ic -18.9� 0.4 0.40� 0.18 no 3.6+2 :0

� 1:6 9.0+5 :0
� 4:0� 1051

Drout et al. 2011

3.4 $^$H$a

SN 2012au$N=i4|$NB,8w4QB,$HJ,8w4QB,$N7k2L$+$i!"

(i) SN 2012au$O$H$F$bL@$k$/!"6KBg$G$N@dBPEy5iMR; max = � 18:7 � 0:2 Ey!"AmmU<M8w
EYLmax = (6 :7 � 1:3) � 1042 erg s� 1 $KE~C#$7$?!#

(ii) He I $dCa II $N@~B.EY$,4QB,4|$rDL$7$FBg$-$JCM$r<($7$F$$$?!#

(iii) 8wEY6J@~$N%b%G%k%U%#%C%F%s%0$N7k2L!"SN 1998bw$H;w$?!"FbIt$KHs>o$K9b$$L)EY
9=B$$r;}$C$F$$$k!#

(iv) 5a$a$?GzH/%Q%i%a!<%?(M (56Ni) = 0 :30 M� !" Mej = 5{7 M � !" Ek = (7{18) � 1051

erg)$OIb/Ic 7?D6?7@1$NJ?6Q$h$j$b!"6KD6?7@1$NJ?6Q$K6a$$CM$@$C$?!#
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Bh4>O 8e4|4QB,

8e4|4QB,$K$D$$$F$O!"$3$NE7BN$N@h9T8&5f$,O@J8(Milisavljevic et al. 2013b;0J9_M13
$HN,$9$3$H$,$"$k) $H$7$F=P$F$$$k$3$H$r$^$:=R$Y$F$*$/!#$3$NO@J8$G$O8wEY6J@~$N%b%G
%k%U%#%C%F%#%s%0$+$iM (56Ni) = � 0:3 M� !" Mej = 3{5 M � !" Ek = � 1 � 1052 erg$,8+@Q
$i$l$F$$$k!#K\8&5f$N=i4|4QB,$+$i$N7k2L$HBg$-$JAj0c$O$J$$!#$^$?!"SN 2012au$N8e4|
%9%Z%/%H%k$K$D$$$F$b5DO@$5$l$F$*$j!"DL>o$ND6?7@1$HsuperluminousD6?7@1(6KBg8wEY
$, � 20Ey$h$j$bL@$k$$$b$N) $H$r$D$J$0%j%s%/E7BN$G$"$k$H7kO@$5$l$F$$$k!#

4.1 4QB,7k2L

4.1.1 8wEY6J@~

6KBg$+$i� 300F|DxEY7P2a$7$?$3$N;~4|$K$O!"D6?7@1$O6KBg;~$HHf$Y$F4� 6EyDxEY0E$/
$J$C$F$$$k!#$=$N$?$a!"=i4|4QB,$N2r@O$KMQ$$$F$$$?Hf3S@1$r$=$N$^$^8e4|4QB,$N2r@O$K
MQ$$$k$N$OE,@Z$G$O$J$$!#$=$3$G$^$:8e4|4QB,$N2r@O$KMQ$$$kHf3S@1$H$=$NEy5i$r2~$a$F
5a$a$F$*$/I,MW$,$"$k!#8e4|4QB,$G$O?4̂.1$K<($7$?@1$rHf3S@1$H$7$FMQ$$!"$3$l$i2$D
$N@1$NEy5i$r=i4|4QB,$GMQ$$$F$$$?Hf3S@1$HAjBPB,8w$9$k$3$H$G$3$l$i$NEy5i$r5a$a$?!#
8e4|4QB,$KMQ$$$kHf3S@1$NEy5i$OI=4.1$NDL$j$G$"$k!#

?^ 4.1: 8e4|4QB,$GMQ$$$kHf3S@1
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I= 4.1: Hf3S@1$NEy5i
C1 C2

B 17.76� 0.03 18.10� 0.04
V 16.84� 0.03 17.19� 0.06
R 16.45� 0.04 16.79� 0.05
I 16.05� 0.03 16.35� 0.07

?^ 4.2$K8e4|4QB,$GF@$i$l$?8wEY6J@~$r<($9!#2#<4+260 F|$"$?$j$+$i$,8e4|4QB,$N7k
2L$G$+$J$?K>1s6@+HOWPol $K$h$k$b$N!":G8e$N1E@(+352 F| ) $,$9$P$kK>1s6@+FOCAS
$K$h$k$b$N$G$"$k!#R %P%s%I$N8wEY6J@~$r8+$k$H!"+300 F|$"$?$j$^$G$O$@$$$?$$0lDj$N
3d9g$G0E$/$J$C$F$$$k$,!"$=$N8e$O5^7c$J8:8w$r<($7$F$$$k$3$H$KCmL\$7$?$$!#B>$N%P%s
%I$G$b$I$&$d$iF1;~4|$K5^7c$J8:8w$r<($7$F$$$k$h$&$G$"$k!#$3$N?6Iq$$$OMilisavljevic
et al. (2013b)$G$bJs9p$5$l$F$$$k(5DO@$O$5$l$F$$$J$$) $?$a!"$+$J$?K>1s6@+HOWPol
$H$9$P$kK>1s6@+FOCAS $N7OE}8m:9$K$h$k$b$N$G$O$J$$!#$?$@$7!"$3$N$h$&$J?6Iq$$$r
<($9D6?7@1$NNc$O$[$H$s$I$J$/!"8=;~E@$G$N2r<a$OMF0W$G$O$J$$!#color$N?J2=$,!"=i4|
4QB,$NItJ,$r1dD9$7$?$b$N$HF1DxEY$G$"$k$3$H$,1 $D$N%R%s%H$K$J$k$+$b$7$l$J$$!#
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?^ 4.2: 8e4|8wEY6J@~
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4.1.2 %9%Z%/%H%k

?^ 4.3$K$9$P$kK>1s6@+FOCAS $G4QB,$7$?+352 F|$N%9%Z%/%H%k$r<($9!#8e4|$N%9%Z%/
%H%k$O!"=i4|$K8+$i$l$?30AX$,==J,4uGv$K$J$C$F$$$k$?$a5[<}@~$O8=$l$:!"<g$K%3%"ItJ,
$+$i$N51@~$,8+$i$l$k$N$,0lHLE*$G$"$k!#%9%Z%/%H%k$K$OC;GHD9B&$+$i!"%+%k%7%&%`(Ca
II HK) !"%^%0%M%7%&%`(Mg I] � 4571)!"E4 (Fe) $N51@~72!"%J%H%j%&%`(Na I D � 5890)!";@
AG([O I] �� 6300,6363)!"%+%k%7%&%`([Ca II] �� 7291,7324)!";@AG(O I � 7774)!"%+%k%7%&
%`(Ca II NIR � 8571)!";@AG(O I � 9260)$N51@~$,8+$i$l$?!#
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?^ 4.3: $9$P$kK>1s6@+FOCAS $G;#$l$?%9%Z%/%H%k

?^4.4$KSN Ib 2009jf!" SN Ib/IIb 2008ax!" SN Ib 2007Y!" SN Ic 199bw (6KD6?7@1)!" SN Ic
1997dq (6KD6?7@1) $H$N%9%Z%/%H%k$NHf3S$r<($9!#$3$N?^$G$O!"[O I] �� 6300,6363$N6/EY$r
$@$$$?$$9g$o$;$FI=<($7$F$$$k!#%^%0%M%7%&%`(Mg I] � 4571)$d;@AG([O I] �� 6300,6363)!"
%+%k%7%&%`([Ca II] �� 7291,7324)$N51@~$O6&DL$G8+$i$l$k$,!"SN 2012au$G$O� 4000�
5500$NFe plateau$H8F$P$l$k!"E4$N51@~72$,B>$ND6?7@1$h$j$b6/$$!#E4$NBgItJ,$OD6?7
@1$NJ|<M8;$G$"$k56Ni $,Jx2u$7$F56Co$K!"$5$i$K 56Co$,Jx2u$7$F$G$-$?$b$N$J$N$G!"E4
$N51@~72$,6/$$$3$H$OB?$/$N56Ni $,@8@.$5$l$?$3$H$Hconsistent$G$"$k!#$3$l$O=i4|4Q
B,$N7k2L$H0lCW$7$F$$$k!#

$^$?!"B>$N=ENOJx2u7?D6?7@1$K$b8@$($k$,!";@AG([O I] �� 6300,6363)$N51@~$,6/$$!#$3
$l$O;@AG$r<g@.J,$H$7$?9bL)EYNN0h$,Cf?4%3%"$KB8:_$9$k$3$H$r<(:6$7$F$$$k!#$5$i$K
SN 2012au$N%9%Z%/%H%k$K$O;@AG([O I] � 5577)$N51@~$i$7$-$b$N$,8+$i$l$F$$$k!#$3$N
51@~$O6X@)@~$J$,$i$bHf3SE*9bL)EY$N>l9g$K8+$i$l$k$b$N$G$"$k!#$3$l$i$b!"=i4|4QB,$N
7k2L$H0lCW$7$F$$$k!#
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Cf@-;@AG$N5vMF@~$G$"$k;@AG(O I � 7774)$H;@AG(O I � 9260)$NI}$N69$$51@~$O!"B>$N$[
$H$s$I$ND6?7@1$G8+$i$l$J$$51@~$G$"$k!#$=$NNc30E*$J$b$N$,6KD6?7@1SN 1997dq$@$,!"
F1$86KD6?7@1$G$bSN 1998bw$G$O$3$l$i$N51@~$O8+$i$l$F$$$J$$!#Mazzali et al. (2010)
$K$h$k$H!"[O I] �� 6300,6363$HO I � 7774$NN>J}$N51@~$,=P$k$3$H$O!"[O I] �� 6300,6363
$N$_$N>l9g$h$j$bB?$/$N;@AG$,B8:_$9$k$3$H$r<(:6$9$k!#B?$/$N;@AG$,B8:_$9$k$3$H$O!"
=i4|<ANL$,=E$+$C$?$3$H$r0UL#$9$k!#
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?^ 4.4: 8e4|%9%Z%/%H%k$NHf3S

4.2 5DO@

8e4|4QB,$N7k2L$+$i$O!"=i4|4QB,$H0lCW$9$kE@$H!"=i4|4QB,$G$OCN$jF@$J$+$C$??7$7$$
FCD'$,8+$i$l$?!#$3$l$i$K$D$$$F$5$i$K>\$7$/8+$F$$$/!#

4.2.1 AmmU<M8wEY

=i4|4QB,$G$O!"AmmU<M8wEY$O!V6KBgIU6a$G$OBV RI %P%s%I$NJ|<M%(%M%k%.!<$,A4J|<M
%(%M%k%.!<$N60%$r@j$a$F$$$k!W$3$H$r2>Dj$7$F5a$a$?!#$7$+$7A4J|<M$KBP$9$k2D;k8w
BS0h$NJ|<M$N3d9g$O>o$KJQ2=$7$F$$$k$O$:$J$N$G!":GE,$JJ}K!$H$O8@$$Fq$$!#=i4|4QB,$G
$OITDj@-� 20%$r4^$^$;$k$3$H$G:Q$^$;$?$,!"8e4|4QB,$K$*$$$F$O$3$N2>Dj$G$O$5$i$KIT
Dj@-$,Bg$-$/$J$C$F$7$^$&$N$G!"JL$NF3=PJ}K!$r9M$($k$Y$-$G$"$k!#
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Stritzinger et al. (2009)$G$O!"SN 2007Y$N3F%P%s%I$NJ|<M$N3d9g$N;~4VJQ2=$K$D$$$F
>/$7?($l$i$l$F$$$k!#6KBgIU6a$G$O;g30$,� 20%!"2D;k$, � 70%!"@V30$,� 5%$r@j$a
$F$*$j!"$=$N8e$O;g30$NJ|<M$O<e$/$J$j!"@V30$NJ|<M$,6/$/$J$C$F$$$/!#D6?7@1$N<+M3KD
D%$K=>$C$F9uBNJ|<M$NM-8zH>7B$,>.$5$/!"I=LL29EY$bDc$/$J$k$?$a<+A3$J798~$G$"$k!#=i
4|4QB,$GMQ$$$?2>Dj$H$b8m:9$NHO0O$G0lCW$9$k!#6KBg$+$i300F|DxEY7P2a$7$?8e4|$G$O!"
RI %P%s%I$,� 40%!"@V30$,� 15%$r@j$a$F$$$k$H=R$Y$i$l$F$$$k!#$=$3$G!"!VRI %P%s
%I$NJ|<M%(%M%k%.!<$,A4J|<M%(%M%k%.!<$N40%$r@j$a$F$$$k!W$3$H$r2>Dj$7$F8e4|$NAm
mU<M8wEY$rF3=P$9$k$3$H$K$9$k1!#$?$@$7$3$NF3=PJ}K!$K$*$$$F$b� 20%DxEY$NITDj@-$r
4^$`$H;W$o$l$k2!#$3$&$7$FF@$i$l$?AmmU<M8wEY6J@~$,?^4.5$G$"$k!#SN 2012au$O0E$/
$J$C$F$$$/3d9g$,6K$a$F>.$5$/!"6KBg$+$i100F|DxEY$GSN 1998bw$h$j$bL@$k$/$J$C$?
$h$&$G$"$k!#

$^$?!"?^$K$O8wEY6J@~$N%b%G%k%U%#%C%F%#%s%0$N7k2L$bI=<($7$F$$$k!#`for early phase$̀,
=i4|4QB,$GF3$$$?best �t !" `for late phase$̀, +300d IU6a$N4QB,E@$b4^$a$?best �t $G$"$k!#
I= 4.2$K:\$;$?%U%#%C%H%Q%i%a!<%?$NDL$j!"FbItL)EY� in = 1000 �

h
(M ej =M � )2

E51

i

in
$r 20 "*

1000$K$9$k$3$H$G4QB,E@$r:F8=$5$l$?!#$3$3$G!"1000$H$$$&?t;z$K$O0UL#$O$J$/!"$H$K$+
$/FbIt$K$OHs>o$K9bL)EY$JNN0h$,B8:_$9$k!"$H$$$&$3$H$,=EMW$G$"$k!#tail ItJ,$N79$-$K
CeL\$9$l$P!" SN 1998bw$h$j$b79$-$,4K$$$H$$$&$@$1$G$J$/!"M}O@E*$J>e8BCM(full trap
model)$K6a$$79$-$r;}$C$F$$$k$3$H$,J,$+$k!#+300d IU6a$+$i;O$^$C$?5^8:8wCf$K;#$i
$l$?$9$P$k$N4QB,E@$G%U%#%C%H$7$?>l9g$G$b!"=i4|4QB,$GF3$$$?best �t $h$j$bFbItL)EY
$,9b$$$H$$$&7k2L$OJQ$o$i$J$$!#

0J>e$+$i!"=i4|4QB,$G$N5DO@$H$NL7=b$O$J$$!#8:8w$K$D$$$F$O§ 4.2.2.2$G$b$&>/$7?(
$l$k!#

1+352d $N$9$P$k$N4QB,E@$G!"=i4|4QB,$GMQ$$$?J}K!$GAmmU<M8wEY$rF3=P$7$F$_$?$H$3$m!"$3$NF3=PJ}
K!$H15%$N8m:9$G0lCW$7$?!#

2$^$?!"8e4|$NB,8w$K$OGX7JH II NN0h$N4sM?$,Bg$-$/$J$k$N$GCm0U$,I,MW$@$,!"%9%Z%/%H%k$K:Y$$H�
� 6563$N51@~$,8+$i$l$J$$$3$H$+$i!"$3$N1F6A$O>.$5$$$H9M$($i$l$k!#
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?^ 4.5: 8e4|$N4QB,E@$b4^$a$?AmmU<M8wEY$H$=$N%b%G%k%U%#%C%F%#%s%0

I= 4.2: 2@.J,%b%G%k$N%U%#%C%H%Q%i%a!<%?

for early phase for late phase

M in (56Ni) 0.14 0.14
[(Mej=M� )2=E51]in 20 1000

Mout (56Ni) 0.12 0.12
[(Mej=M� )2=E51]out 2 2
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4.2.2 8e4|51@~%9%Z%/%H%k$N?GCG

4.2.2.1 ;@AG$N51@~%W%m%U%!%$%k

$^$: [O I] �� 6300,6363$N51@~$KCmL\$7!"$3$NItJ,$r3HBg$7$?$b$N$r?^4.6$K<($9!#$3
$N51@~$O� 6280$"$?$j$K6/$$%T!<%/$r;}$A!" � 6305$"$?$j$K$b%T!<%/$i$7$-$b$N$r;}$D!#
$3$N$h$&$JHsBP>N$J%9%Z%/%H%k$O!"?^4.4$+$i$bJ,$+$k$h$&$K!"B>$ND6?7@1$K$bF1MM$K8+
$i$l$k$N$GDA$7$$$3$H$G$O$J$$!#
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?^ 4.6: [O I] �� 6300,6363IU6a$N3HBg?^

$3$NHsBP>N@-$r@bL@$E$1$k%b%G%k$O$$$/$D$+$"$k!#

(i) 4QB,$9$kJ}8~$K$h$C$F51@~$NBP>N@-$,JQ$o$k(Maeda et al. 2008)
GzH/$=$N$b$N$,HsBP>N$G$"$k$3$H$r2>Dj$9$k!#?^4.7$OGzH/;~$N@1$N%$%a!<%8$G!"=DJ}

8~$N%8%'%C%H>u$NJ,I[(2+?' ) $H!"$=$l$r<h$j4,$/$h$&$J%H!<%i%9>u$NJ,I[(%*%l%s%8?') $K
J,$+$l$F$$$k!#%8%'%C%HJ}8~$O6/$$>W7bGHEAGE$K$h$jE4$J$I$N=E$$85AG$,B?$/@8@.$5$l$k
$,!"@VF;J}8~$OG3$(;D$j$N;@AG$,B?$/B8:_$9$k!#$3$l$r@VF;J}8~$+$i4QB,$9$k$H!";@AG$N
blueshift @.J,$Hredshift @.J,$NN>J}$,B8:_$9$k$N$Gdouble peak$H$J$k(SN 2003jd)!#0l
J}%8%'%C%HJ}8~$+$i4QB,$9$k$H!";@AG$Osingle peak$7$+8+$($J$$(SN 1998bw)!#$D$^$j
double peak$,4QB,$5$l$l$P!"HsBP>N$JGzH/$r$7$?$3$H$O$3$N$h$&$J<4BP>N%b%G%k$G$[$\
@bL@$G$-$k!#

:#2sF@$i$l$?%9%Z%/%H%k$O!"HsBP>N$J%W%m%U%!%$%k$G$O$"$k$,!"double peak$G$"$k$H
$O$d$d8@$$Fq$$!#$3$N>l9g!";k@~J}8~$O@VF;$+$i$d$dN%$l$?Cf0^EYJ}8~$+$i8+$?$H$-$N%b
%G%k7k2L$K6a$$(Maeda et al. 2008)!#
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?^ 4.7: ;k@~J}8~$K$h$C$F;@AG$N%W%m%U%!%$%k$,JQ$o$k%b%G%k!#?^$N%*%l%s%8?'ItJ,$,;@
AG$NJ,I[$rI=$9!#

(ii) ;@AG$Ndoublet $N@-<A$K$h$k(Milisavljevic et al. 2010)
$3$N;@AG$N51@~$O'[O I] �� 6300,6363'$H5-=R$9$k$h$&$K!"doublet $G$"$k!#NL;RNO3XE*

$J>\:Y$OLi & McCray (1992) $G=R$Y$i$l$F$$$k$,!"� 6363$KBP$9$k� 6300$N@~6/EY$,!"
=i4|$G$O1 $G$"$C$?$b$N$,%(%8%'%/%?$,9-$,$C$F8w3XE*$KGv$/$J$k$K=>$C$F3 $K6a$E$/!#
<B:]$K SN 1986J (Leibundgut et al. 1991)$dSN 1987A (Li & McCray 1992)$J$I$G$b4Q
B,$5$l$?Nc$,$"$k!# Taubenberger et al. (2009)$G$O!"30AX$rGm$.$H$i$l$?D6?7@1$N$3$N
6/EYHf$OGzH/$+$i100F|DxEY$G4{$K3$K$J$C$F$$$k$H7kO@$r=P$7$F$$$k!#double peak$,
K\Ev$K$3$NM}M3$K$h$k$b$N$J$i$P!"� 6364$N%T!<%/$,AjBPE*$K<e$/$J$k$O$:$G$"$k!#

?^ 4.8$OF@$i$l$?%9%Z%/%H%k$r!"@D$$B&$N@.J,(Bluer) !"@V$$B&$N@.J,(Redder)!"I}$N
9-$$@.J, (Broader)$rB-$79g$o$;$F%U%#%C%H$7$?$b$N$G$"$k!#%U%#%C%H%Q%i%a!<%?$rI=4.3
$K<($9!#Broader@.J,$NH>CMI}$O� 6380 km s� 1 $G!"B>2 @.J,$NH>CMI}$O� 800 km s� 1

$G$"$C$?!#;@AG$N� 6300$H� 6363$N6/EYHf$O2.5$G!">e=R$N798~$H0lCW$9$k!#

70



 6000  6500

R
el

at
iv

e 
flu

x

Rest Wavelength [Å]

FOCAS 352d
Bluer  

Redder 
Broader

Sum   

?^ 4.8: ;@AG$N51@~$N3 @.J,%,%&%7%"%s%U%#%C%H

I= 4.3: ;@AG$N51@~$N%U%#%C%H%Q%i%a!<%?!#B.EY$O� 6300$KBP$7$F7W;;$7$?!#

Peak Wavelength [�A] Peak Flux [erg s� 1 cm� 2] FWHM [ �A] FWHM [km s � 1]
Bluer 6277 1.0e-16 17 810

Redder 6302 0.4e-16 18 860
Broader 6302 1.4e-16 134 6380

(iii) ?eAG$NH � $N5[<}$K$h$k(Maurer et al. 2010)
$b$7H� � 6563$N=8Cf$7$?NN0h$,12000 km s� 1 $H$$$&B.EY$r;}$C$F$$$?>l9g!"$=$N5[

<}@~$,$A$g$&$I� 6300$K8=$l$k!#$D$^$j!"$b$H$b$H$O1$D$N%T!<%/$G$"$k$b$N$,$"$?$+$b
2 $D$N%T!<%/$K8+$($F$$$k$@$1!"$H$$$&Iw$K9M$($k$3$H$b$G$-$k!#

?^ 4.9$OF@$i$l$?%9%Z%/%H%k$r!"I}$N9-$$[O I] $N@.J,!"2$D$NH� 5[<}@.J,$rB-$7$"$o
$;$F%U%#%C%H$7$?$b$N$G$"$k!#12000 km s� 1 DxEY$NH� 5[<}@.J,$, 1$D$G$O4QB,%9%Z%/%H
%k$r$&$^$/:F8=$G$-$J$$$,!"2$DB8:_$9$l$P4QB,%9%Z%/%H%k$r:F8=$G$-$J$/$b$J$$!#$?$@
$7$=$N$h$&$J>u67$r@bL@$9$k$N$O$d$dIT<+A3$G$"$k!#

71



 6000  6500

R
el

at
iv

e 
flu

x

Rest Wavelength [Å]

FOCAS 352d
[OI] 

Ha 1
Ha 2
Sum

?^ 4.9: ;@AG$N51@~$N?eAG5[<}$K$h$k%,%&%7%"%s%U%#%C%H

0J>e$+$i (i) $H(ii) $,M-NO$G$O$J$$$+$H9M$($F$$$k!#$$$:$l$K$7$F$b!"!H Hs5eBP>N !I$,
%-!<%o!<%I$H$J$k!#

4.2.2.2 8:8wIU6a$G$N%9%Z%/%H%k$NJQ2=

$9$P$kK>1s6@+FOCAS $N4QB,$O!"? 4̂.2$+$iJ,$+$kDL$j8:8w$,;O$^$C$?8e$N4QB,$G$"
$k!#Milisavljevic et al. (2013b)$K:\$C$F$$$k%9%Z%/%H%k$O!"$3$N8:8wA0$N$b$N$b$"$k$N
$G!"$3$l$i$HHf3S$9$k$3$H$G8:8w$K$h$C$F$I$&$$$C$?JQ2=$,8+$i$l$?$N$+$r0z$-=P$9$3$H
$,$G$-$k!#

$^$:?^ 4.10$O!"+321d $H+352d $N%9%Z%/%H%k$NHf3S$G$"$k!#$I$A$i$b8:8w8e$N$b$N$G
$"$k$3$H$b$"$C$F$+!"Bg$-$JJQ2=$O8+$i$l$J$$!#

B3$$$F!"?^4.11$O+274d!" +321d!" +352d $N[O I] �� 6300,6363IU6a$N3HBg?^$G$"$k3!#
$3$l$r8+$k$H!"8:8wA0$O$-$l$$$Jdouble peak$@$C$?$b$N$,!"8:8w$KH<$C$F@V$$B&$N@.J,
$@$1$,<e$/$J$C$F$$$C$?MM;R$,J,$+$k!#

3+274d $N%9%Z%/%H%k$OO@J87G:\$N?^$r$=$N$^$^0zMQ$7$?$N$G!"=L<\$O@53N$G$O$J$$!#
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?^ 4.10: +321d$H+352d $N%9%Z%/%H%k$NHf3S

?^ 4.11: [O I] �� 6300,6363IU6a$N8:8wA08e$G$NJQ2=

6KBg$+$i300F|7P2a$7$F$+$i5^8:8w$r<($9E@!"$=$N8:8w$KH<$C$F;@AG$N51@~%W%m%U%!%$
%k$,JQ2=$7$?E@$OFCI.$9$Y$-FCD'$G$"$k!#$3$N?6Iq$$$r@bL@$E$1$k1 $D$N2DG=@-$H$7$F!"
%@%9%H$N@8@.$,9M$($i$l$k!#2?$i$+$NM}M3$GJ|<MNN0h$NFbB&$K%@%9%H$,@8@.$5$l$F$$$l
$P!";k@~J}8~$N8~$3$&B&$K0\F0$9$k@.J,$,<jA0B&$K0\F0$9$k@.J,$h$j$bB?$/%@%9%H$K5[<}
$5$l$k$?$a!"@V$$B&$N@.J,$@$1$,<e$/$J$C$?$H$$$&;@AG$N%W%m%U%!%$%k$NJQ2=$r@bL@$G$-
$k!#$?$@!"$b$7K\Ev$K%@%9%H$,860x$G$"$l$P!"color$,@V$/$J$k798~$,4|BT$5$l$k$,!"?^
4.2$G$O$O$C$-$j$7$J$$!#$H$O8@$(!"$3$N;~4|$OO"B38w$,<e$/51@~$,;YG[E*$K$J$k$3$H$+
$i!" color$N$_$GH=CG$9$k$3$H$OFq$7$$$3$H$K$bN10U$,I,MW$G$"$k!#
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4.2.2.3 51@~I}

?^ 4.12$KFOCAS $GF@$i$l$?%9%Z%/%H%k$N3F51@~$N3HBg?^$r<($9!#2#<4$O@E;_GHD9$+
$i$NB.EY$KJQ49$7$F$*$j!"$=$l$>$l$N51@~I}$rI=4.2.2.3$K<($7$?!#Mg I] � 4571!" Na I D
�� 5890,5896 (with respect to 5892)!" [O I] �� 6300,6363 (with respect to� 6300)!" [Ca II]
�� 7291,7324 (with respect to 7310)$OFWHM 4000 km s� 1 DxEY0J>e$NI}$N9-$$51@~$r<(
$7$F$$$k(Na I D $OFWHM $O2000 km s� 1 Bf$@$,!"$5$i$KI}9-$$@.J,$,>h$C$F$$$k$h$&
$K$b8+$($k$N$G$3$A$i$KJ,N`$7$?)!#0lJ}!" O I � 7774$HO I � 9260$OFWHM 2000 km
s� 1 DxEY$N(Hf3SE*) I}$N69$$51@~$r<($7$F$$$k!#

51@~$NI}$O85AG$NJ,I[$N;XI8$H$J$k!#D6?7@1$O!"GzH/;~$NKDD%B.EY$O30B&$[$IB.$/Fb
B&$[$ICY$/!"$=$N8e$O<+M3KDD%$rB3$1$F$$$k$N$G$=$NBg>.4X78$OJQ$o$i$J$$$O$:$G$"$k!#
$D$^$j!"8e4|%9%Z%/%H%k$N51@~I}$NBg>.$,!"GzH/;~$N@1$NCf?4$+$i$N5wN%$NBg>.$H$J$k!#
;@AG51@~$KI}$N9-$$$b$N$H69$$$b$N$NN>J}$,B8:_$9$k$3$H$O!";@AG$,30B&$+$iFbB&$^$G9-
$/J,I[$7$F$$$?$3$H$r<(:6$9$k!#
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?^ 4.12: 3F51@~$NI}$NHf3S

FWHM
[�A] [km s� 1]

Mg I] upper (� 4571) 101 6630
Mg I] lower (� 4571) 58 3806

Na I D ( � 5892) 48 2443
[O I] ( � 6300) 98 4670

[Ca II] ( � 7310) 125 5120
O I ( � 7774) 33 1270
O I ( � 9260) 65 2100

I= 4.4: 3F51@~$NH>CMI}!#Mg I] $K$D$$$F$O%P%C
%/%0%i%&%s%I(O"B38w@.J,) $N<h$jJ}$GCM$,$+$J
$jJQ$o$k$N$G!"$=$N>e8BCM$H2<8BCM$r<($7$?!#
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4.2.2.4 ?F@1<ANL$N8+@Q$b$j

8e4|4QB,$N7k2L$+$i$b!"?F@1$N=i4|<ANL$r8+@Q$b$k$3$H$,$G$-$k!#

(i) ;@AG$H%+%k%7%&%`$N51@~6/EYHf
%9%Z%/%H%k$K8=$l$F$$$k[O I] �� 6300,6363$H[Ca II] �� 7291,7324$N51@~6/EYHf$O!"Gz

H/;~$N%3%"$N<ANL$KBg$-$/0MB8$9$k!#%3%"$N<ANL$X$N0MB8@-$,!";@AG$OBg$-$$$,%+%k%7%&
%`$OHf3SE*>.$5$$$+$i$G$"$k!#6/EYHf[CaII]

[OI] $,Bg$-$JCM$r<($9$[$I%3%"<ANL$O>.$5$/!"6/
EYHf$,>.$5$JCM$r<($9$[$I%3%"<ANL$OBg$-$$$H9M$($i$l$k!#$=$7$F!"%3%"<ANL$O=i4|<ANL
$KH?1G$5$l$k(Sahu et al. 2011$J$I )!#

SN 2012au$K$*$1$k51@~6/EYHf[CaII]
[OI] $O0.39$G$"$C$?!#I=4.5$K<($7$?DL$j!"$3$N?t;z

$O=i4|<ANL$,=E$+$C$?$H9M$($i$l$F$$$kSN 2009jf$dSN 1998bw$h$j$b$5$i$K>.$5$$CM
$G$"$k!#SN 2012au$N=i4|<ANL$O!"$3$N8+@Q$b$jJ}$@$1$G$OITDj@-$,Bg$-$$$b$N$N!"Bg;(
GD$K$O� 30M � DxEY$G$O$J$$$+$H9M$($i$l$k!#6/EYHf$O;~4V$K$h$C$FJQ2=$9$k2DG=@-$b
$"$k$,!"?^ 4.13$N$h$&$KB>$ND6?7@1$K$*$$$F$OBg$-$JJQ2=$OL5$$$b$N$,B?$$$N$G!"798~
$H$7$F$O@5$7$$$H;W$o$l$k!#

I= 4.5: MM!9$JD6?7@1$N8e4|%9%Z%/%H%k$N[CaII]
[OI]

Type SN ID Phase [d] Line Ratio M MS [M � ] Reference
Ib SN 2012au 352 0.39 This work
Ib SN 2009jf 251 0.49 > 20 � 25 Sahu et al. 2009
Ic SN 1998bw � 300 0.5 35� 45 Iwamoto et al. 1998
Ib SN 1999dn 371 0.55 > 23 � 25 Benetti et al. 2011
IIb SN 1993J 236 0.6 12� 15 Shigeyama et al. 1994

Ib/IIb SN 2008ax 352 0.9
10 � 14 (binary)

Crockett et al. 2008
� 28 (single)

Ib SN 2007Y 270 1.0 10� 13 Stritzinger et al. 2009

?^ 4.13: B>$ND6?7@1$K$*$1$k[CaII]
[OI] $N;~4VJQ2=
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(ii) ;@AG$N<ANL
B3$$$F!"8e4|%9%Z%/%H%k$K8=$l$F$$$k;@AG$N51@~$+$i!"%3%"$K4^$^$l$k;@AG$N<ANL$r8+

@Q$b$k$3$H$,$G$-$k!#Uomoto et al. (1986)$K$h$l$PCf@-;@AG$N<ANL$O

M (O) = 10 8 � D 2 � F([OI]) � exp(2:28=T4) (4.1)

$G5a$a$k$3$H$,$G$-$k!#$3$3$GM (O) $OCf@-;@AG$N<ANL[M � ]!" D $OD6?7@1$^$G$N5wN%
[Mpc]!" F([OI]) $O[O I] �� 6300,6363$Nux [erg s� 1 cm� 2]!" T4 $O;@AG$NJ|<MNN0h$N29EY
[104K] $G$"$k!#51@~6/EY$,6/$$$[$I!"$^$?J|<MNN0h$N29EY$,Dc$$$[$I4!";@AG$N<ANL$OB?
$/$J$k$3$H$K$J$k!#

F([OI]) $Oiraf $Nsplot $G� 3:2 � 10� 14 erg s� 1 cm� 2 $H5a$a$?!#
T4 $O!"ux $N6/EYHf[O I 5577]/[O I 6300,6363]$+$i?dDj$G$-$k$,!" SN 2012au$N%9%Z%/

%H%k$K$O[O I] � 5577$N51@~$i$7$-$b$N$O$9$0NY$N@D$$B&$N@.J,$H:.$6$C$F$$$k$?$a40A4
$KJ,N%$9$k$3$H$OFq$7$$!#B>$ND6?7@1$N>l9g$G$O!"SN 1990I$G$O+237d $G3200� 3500K
$H8+@Q$b$i$l$F$*$j(Elmhamdi et al. 2004)!" SN 1984L$HSN 1985F$G$O;@AG<ANL$NF3
=P$KT4 = 0:4$,MQ$$$i$l$F$$$k(Schlegel & Krishner 1989)!#$3$3$G$O!"3500K$r2>Dj$7
$F$_$k!#

<04.1$KD = 23:6 Mpc!" F([OI]) = 3 :2 � 10� 14 erg s� 1 cm� 2!" T4 = 0:35$rBeF~$9$k$H!"
M (O) � 1:2M � $,F@$i$l$k!#;@AG<ANL$+$i8+@Q$b$i$l$k=i4|<ANL$ONomoto et al. (2006)
$G7W;;$5$l$F$*$j!"I= 4.6$NDL$j!";@AG� 1:2M � $O=i4|<ANL20 � 25M � $,<(:6$5$l$k!#

I= 4.6: MM!9$J=i4|<ANL$N@1$,5/$3$9D6?7@18e$K@8@.$5$l$k;@AG$H%+%k%7%&%`$NNL!#C10L
$r5-$7$F$$$J$$$b$N$O[M � ]!#

MMS M (O) M (Ca)=100

15 0.16 0.40
18 0.77 0.45
20 1.05 0.37
25 2.35 0.6
30 3.22 1.6
40 7.33 1.6

Notes. Ek = 1 :0 � 1051 erg s� 1 �xed.

MMS, Ek [1051 erg s� 1] M (O) M (Ca)=100

20, 10 0.98 0.50
25, 10 2.18 0.57
30, 20 2.74 0.93
40, 30 7.05 1.4

4;@AG$O>W7bGHEAGE$N:]$N$$$o$f$kG3$(;D$j$J$N$G!"29EY$,9b$$$H$h$j=E$$85AG$X$H9g@.$5$l$F$$$k$O$:
$G$"$k!#$h$C$F!"29EY$,Dc$$J}$,;@AG<ANL$OB?$/$J$k!#
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4.3 $^$H$a

SN 2012au$N8e4|$NB,8w4QB,$HJ,8w4QB,$N7k2L$+$i!"

(i) 8e4|$NAmmU<M8wEY$N%b%G%k%U%#%C%H$N7k2L$H%9%Z%/%H%k$N;@AG$N51@~$,6/$$$3$H$OFb
ItL)EY$,9b$$$3$H$r0UL#$9$k!#%9%Z%/%H%k$NE4$N51@~72$,6/$$$3$H$O56Ni @8@.NL$,
B?$$$3$H$r0UL#$9$k!#$3$l$i$O=i4|4QB,$N7k2L$H0lCW$9$k!#

(ii) 8wEY6J@~$,6KBg$+$i300F|7P2a$7$?$"$?$j$+$i5^8:8w$r<($7$?$3$H!"%9%Z%/%H%k$K;@
AG$NCf@-5vMF@~$N51@~$b8+$i$l$?$3$H$O!"B>$ND6?7@1$K$O8+$i$l$J$$FCD'$G$"$k!#
$=$N860x$N1 $D$K!"51@~J|<MNN0hCf$G$N%@%9%H@8@.$,9M$($i$l$k!#

(iii) ;@AG$N51@~$N7A>u$O!"GzH/$NHs5eBP>N@-$rH?1G$7$F$$$k!#

(iv) 5^8:8w$NA08e$G;@AG$N51@~%W%m%U%!%$%k$,JQ2=$7$?!#

(v) ;@AG$d%+%k%7%&%`$N51@~$+$i8+@Q$b$C$??F@1$N=i4|<ANL$O20 � 30M � DxEY$r<(:6
$9$k!#
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Bh5>O 7kO@

=i4|4QB,$+$i$O!" SN 2012au$OIb 7?$H$7$F$O$H$F$bL@$k$/!"GzH/%(%M%k%.!<$bBg$-$$
$H?dDj$9$k$3$H$,$G$-$?!#$3$l$iGzH/%Q%i%a!<%?$d!"8wEY6J@~$N%b%G%k$+$iF@$i$l$?L)EY
9=B$$J$I$,6KD6?7@1$H;w$F$$$k$3$H$,J,$+$C$?!#8e4|4QB,$+$i$O!"$H$F$bL@$k$$E@$H9bL)
EYNN0h$,B8:_$9$kE@$N$=$l$>$l$r;Y;}$9$k7k2L$,F@$i$l$?!#0lJ}$G!"DL>o$N=ENOJx2u7?D6
?7@1$K$O8+$i$l$J$$FCD'$b?tB?$/8+$i$l$?!#

=i4|4QB,$G5a$a$?Mej = 5{7 M � $+$i$O!"?F@1$N=i4|<ANL$r?dDj$9$k$3$H$,$G$-$k!#Cf
?4It$K$OCf@-;R@1$^$?$O%V%i%C%/%[!<%k$,;D$C$F$$$k$H;W$o$l$F$$$k$,!"2>$KCf@-;R@1$@
$H$9$k$H$=$N<ANL$O1.4 M � $J$N$G!"GzH/;~$N%3%"$N<ANL$O6:4{8:4 M� DxEY$H$J$k!#$3
$N?t;z$O!"91@1?J2=$N4QE@$+$i!"?F@1$N=i4|<ANL20 � 30M � DxEY$KBP1~$9$k!#$=$7$F$3
$l$O8e4|4QB,$+$i?dDj$7$?=i4|<ANL$H$b0lCW$9$k!#$=$3$G!"K\8&5f$G$O?F@1$N=i4|<ANL$O
20 � 30M � $G$"$k$H7kO@$E$1$k!#?^5.1$O!"=i4|<ANL$H56Ni @8@.NL!"GzH/%(%M%k%.!<$N
Aj4X$r<h$C$?$b$N$G$"$k!#%W%m%C%H$7$?D6?7@1$O!"DL>o$ND6?7@1(9u)!"0E$$D6?7@1(NP)!"
6KD6?7@1(\t ) $N3 <oN`$KJ,N`$9$k$3$H$,$G$-$k!#$=$NCf$GSN 2012au$ODL>o$ND6?7@1$H
6KD6?7@1$NCf4V$KMh$F$$$k$3$H$,J,$+$k!#

0J>e$+$i!" SN 2012au$O!"Ib 7?$G$"$k$H%9%Z%/%H%k$+$iJ,N`$5$l$?$b$N$N!"Ic 7?$N0l
It$G$"$k6KD6?7@1$K$h$/;w$?FCD'$r;}$DE7BN$G$"$j!"DL>o$ND6?7@1$H6KD6?7@1$r$D$J$0%j
%s%/$H$J$jF@$kE7BN$G$"$k!#$3$l$^$GIb 7?$G$=$&$$$C$?E7BN$O8+$D$+$C$F$*$i$:!"D6?7
@1$NJ,N`3X>e$G$bHs>o$K=EMW$JH/8+$H$J$C$?!#$?$@$78e4|4QB,$GL@$i$+$H$J$C$?6KBg300
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