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A bst r a ct

T h e di v ersit y of  T y p e II s u p er n o v a e (S N e II ) is t h o u g ht t o b e dri v e n  m ai nl y b y diff er e n c es i n t h eir pr o g e nit or’s
h y dr o g e n-ri c h (H-ri c h ) e n v el o p e  m ass,  wit h S N e II P h a vi n g l o n g pl at e a us (∼ 1 0 0 d a ys ) a n d t h e  m ost  m assi v e
H-ri c h e n v el o p es.  H o w e v er, it is a n o n g oi n g  m yst er y  w h y S N e II  wit h s h ort pl at e a us (t e ns of d a ys) ar e r ar el y s e e n.
H er e,  w e pr es e nt o pti c al / n e ar-i nfr ar e d p h ot o m etri c a n d s p e ctr os c o pi c o bs er v ati o ns of l u mi n o us  T y p e II s h ort-
pl at e a u S N e 2 0 0 6 Y, 2 0 0 6 ai, a n d 2 0 1 6 e g z.  T h eir pl at e a us of a b o ut 5 0 – 7 0 d a ys a n d l u mi n o us o pti c al p e a ks
( − 1 8. 4  m a g ) i n di c at e si g nifi c a nt pr e- e x pl osi o n  m ass l oss r es ulti n g i n p arti all y stri p p e d  H-ri c h e n v el o p es a n d
e arl y cir c u mst ell ar  m at eri al (C S M ) i nt er a cti o n.  W e c o m p ut e a l ar g e gri d of M E S A + S T E L L A si n gl e-st ar pr o g e nit or
a n d li g ht- c ur v e  m o d els  wit h v ari o us pr o g e nit or z er o- a g e  m ai n-s e q u e n c e (Z A M S ) m ass es,  m ass-l oss ef fi ci e n ci es,
e x pl osi o n e n er gi es, 5 6 Ni  m ass es, a n d  C S M d e nsiti es.  O ur  m o d el gri d s h o ws a c o nti n u o us p o p ul ati o n of S N e II P –
II L– II b-li k e li g ht- c ur v e  m or p h ol o g y i n d es c e n di n g or d er of  H-ri c h e n v el o p e  m ass.  Wit h l ar g e 5 6 Ni  m ass es
( 0. 0 5 M e ), s h ort- pl at e a u S N e II li e i n a c o nfi n e d p ar a m et er s p a c e as a tr a nsiti o n al cl ass b et w e e n S N e II L a n d II b.
F or S N e 2 0 0 6 Y, 2 0 0 6 ai, a n d 2 0 1 6 e g z, o ur fi n di n gs s u g g est hi g h- m ass r e d s u p er gi a nt (R S G ) pr o g e nit ors
(M Z A M S ; 1 8 – 2 2 M e ) wit h s m all  H-ri c h e n v el o p e  m ass es (  M M1. 7H e n v

) t h at h a v e e x p eri e n c e d e n h a n c e d  m ass
l oss (   

- -M M1 0 yr2 1 ) f or t h e l ast f e w d e c a d es b ef or e t h e e x pl osi o n. If hi g h- m ass  R S Gs r es ult i n r ar e s h ort-
pl at e a u S N e II, t h e n t h es e e v e nts  mi g ht e as e s o m e of t h e a p p ar e nt u n d err e pr es e nt ati o n of hi g h er-l u mi n osit y  R S Gs
i n o bs er v e d S N II pr o g e nit or s a m pl es.

U ni fi e d  Astr o n o m y T h es a ur us c o n c e pts: S u p er n o v a e (1 6 6 8 ); C or e- c oll a ps e s u p er n o v a e (3 0 4 ); T y p e II s u p er n o v a e
(1 7 3 1 ); M assi v e st ars (7 3 2 ); R e d s u p er gi a nt st ars (1 3 7 5 )

1. I nt r o d u cti o n

T h e  m aj orit y of  m assi v e st ars (z er o- a g e  m ai n-s e q u e n c e
m ass es M Z A M S  8 M e ) e n d t h eir li v es  w h e n t h eir ir o n c or es
c oll a ps e a n d e x pl o d e as h y dr o g e n-ri c h (H-ri c h ),  T y p e II
s u p er n o v a e (S N e II ) (S m artt 2 0 0 9 , 2 0 1 5 ).  T h e diff er e n c e i n
pr o g e nit or ’s  H-ri c h e n v el o p e  m ass at t h e  m o m e nt of c or e

c oll a ps e li k el y r es ults i n diff er e nt S N II s u bt y p es (e. g.,  N o m ot o
et al. 1 9 9 5 ;  H e g er et al. 2 0 0 3 ;  D ess art et al. 2 0 1 1 , 2 0 1 6 b ;
El dri d g e et al. 2 0 1 7 , 2 0 1 8 ): S N e II P (li g ht- c ur v e pl at e a u of
∼ 1 0 0 d a ys ); S N e II L (li n e ar d e cli n e li g ht c ur v e); a n d S N e II b
(s p e ctr u m d o mi n at e d i niti all y b y h y dr o g e n a n d t h e n b y
h eli u m ), i n d es c e n di n g or d er (s e e  Ar c a vi 2 0 1 7 f or a r e vi e w).

T h e  As t r o p h ysi c a l J o u r n a l, 9 1 3: 5 5 (2 1 p p ), 2 0 2 1  M a y 2 0 htt ps: / / d oi. or g / 1 0. 3 8 4 7 / 1 5 3 8- 4 3 5 7 / a bf 6 d 6
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S N e II n s h o w n arr o w  H e missi o n li n es, i n di c ati n g str o n g
cir c u mst ell ar  m at eri al (C S M ) i nt er a cti o n (s e e S mit h 2 0 1 7 f or a
r e vi e w).  B as e d o n t h e dir e ct pr o g e nit or i d e ntifi c ati o ns i n pr e-
e x pl osi o n i m a g es, t h e c urr e nt c o ns e ns us is t h at t h e pr o g e nit ors
ar e r e d s u p er gi a nts (R S Gs ) f or S N e II P; y ell o w s u p er gi a nts i n a
bi n ar y s yst e m f or S N e II b; l u mi n o us bl u e v ari a bl es a n d  R S Gs /
s u p er- as y m pt oti c gi a nt br a n c h st ars f or S N e II n; a n d  R S Gs
a n d / or y ell o w s u p er gi a nts f or S N e II L, i n d es c e n di n g or d er of
c o n fi d e n c e (s e e  V a n  D y k 2 0 1 6 f or a r e vi e w).

T h e di visi o n b et w e e n S N e II P a n d II L is b ot h ar bitr ar y a n d
c o ntr o v ersi al b e c a us e it is s ol el y b as e d o n t h e s h a p e of t h eir
p h ot os p h eri c- p h as e o pti c al li g ht c ur v es (B ar b o n et al. 1 9 7 9 ),
w hil e S N e II b a n d II n ar e s p e ctr os c o pi c all y disti n ct.  T h er e h a v e
b e e n cl ai ms of disti n ct li g ht- c ur v e p o p ul ati o ns of S N e II P a n d
II L (e. g.,  Ar c a vi et al. 2 0 1 2 ; F ar a n et al. 2 0 1 4 ), b ut l ar g er li g ht-
c ur v e s a m pl es h a v e i n cr e as e d t h e s u p p ort f or a  m or e
c o nti n u o us p o p ul ati o n (e. g.,  A n d ers o n et al. 2 0 1 4 ; S a n d ers
et al. 2 0 1 5 ;  G al b a n y et al. 2 0 1 6 b ;  V al e nti et al. 2 0 1 6 ).  W hil e
S N e II P a n d II L s h o w a c o nti n u o us r a n g e of s p e ctr os c o pi c
pr o p erti es i n o pti c al (e. g.,  G uti érr e z et al. 2 0 1 7 a , 2 0 1 7 b ),  D a vis
et al. (2 0 1 9 ) r e c e ntl y fi n d a str o n g di c h ot o m y of n e ar-i nfr ar e d
(NI R ) s p e ctr os c o pi c pr o p erti es b et w e e n S N e II P a n d II L,  w hi c h
m a y p oi nt t o diff er e n c es i n t h e i m m e di at e e n vir o n m e nt.

I n t er ms of t h e p h ot os p h eri c pl at e a u d ur ati o n, it is p u z zli n g
t h at S N e II  wit h s h ort pl at e a us (t e ns of d a ys) ar e r ar el y
o bs er v e d (s e e e. g.,  N a k a o k a et al. (2 0 1 9 ) a n d  B ostr o e m et al.
(2 0 2 0 ) f or p e c uli ar S N e II b a n d II L), d es pit e a n al yti c al a n d
n u m eri c al pr e di cti o ns t h at t h e pl at e a u d ur ati o n s c al es
c o nti n u o usl y  wit h pr o g e nit or a n d e x pl osi o n pr o p erti es
(P o p o v 1 9 9 3 ;  K as e n  &  W o osl e y 2 0 0 9 ; S u k h b ol d et al. 2 0 1 6 ;
G ol d b er g et al. 2 0 1 9 ). I n a br o a d er c o nt e xt of S N II p o p ul ati o n,
it is als o a n o utst a n di n g q u esti o n  w h et h er S N e II P/ L a n d II b
f or m a c o nti n u u m or n ot (e. g.,  Ar c a vi et al. 2 0 1 2 ; F ar a n et al.
2 0 1 4 ; P essi et al. 2 0 1 9 ).

T h e i n cr e asi n g s a m pl e si z e of S N e II P / L s u g g ests t h at  C S M
i nt er a cti o n, r es ulti n g fr o m vi ol e nt pr e- e x pl osi o n  m ass l oss,
pl a ys a k e y r ol e e v e n  w h e n t h eir s p e ctr a d o n ot s h o w II n-li k e
B al m er e missi o n li n es.  B y fi tti n g n u m eri c al  m o d els t o t h e
V al e nti et al. (2 0 1 5 , 2 0 1 6 ) li g ht- c ur v e s a m pl e,  M or o z o v a et al.
(2 0 1 7 , 2 0 1 8 ) s h o w t h at S N e II P fr o m  R S G pr o g e nit ors  wit h
C S M i nt er a cti o n c a n r e pr o d u c e S N e II L.  T h e y als o s h o w t h at
C S M i nt er a cti o n is r e q uir e d i n e v e n n or m al S N e II P t o
r e pr o d u c e t h e r a pi d  U V- o pti c al ris e i n t h e  m o d els (s e e als o
M ori y a et al. 2 0 1 1 , 2 0 1 7 , 2 0 1 8 ; F örst er et al. 2 0 1 8 ).

T h e o bs er v e d  R S G p o p ul ati o n (i n t h e  Mil k y  W a y,
M a g ell a ni c  Cl o u ds,  M 3 1, a n d  M 3 3 ) li es i n a l u mi n osit y r a n g e
of ( ) L L4 . 5 l o g 5. 51 0 , i m pl yi n g t h eir  Z A M S  m ass r a n g e
of ∼ 9 – 2 5 M e b as e d o n t h e or eti c al st ell ar tr a c ks (e. g.,  L e v es q u e
et al. 2 0 0 5 , 2 0 0 6 ;  M ass e y et al. 2 0 0 9 ;  Dr o ut et al. 2 0 1 2 ;
G or d o n et al. 2 0 1 6 ).  H o w e v er, S m artt (2 0 0 9 , 2 0 1 5 ) s h o w t h at
t h e b est-fi t c u m ul ati v e S al p et er i niti al  m ass f u n cti o n (I M F;
S al p et er 1 9 5 5 ) o n 2 6 pr e- e x pl osi o n d et e cti o ns / li mits of S N e
II P/ L pr o g e nit ors tr u n c at es b el o w t h e hi g h-l u mi n osit y e n d of
R S Gs, tr a nsl ati n g t o a  Z A M S  m ass u p p er li mit of  1 8 M e .
T his is r ef err e d t o as t h e r e d s u p er gi a nt pr o bl e m , si n c e t h er e
s e e ms t o b e a l a c k of S N e II  wit h i d e nti fi e d pr o g e nit ors i n t h e
r a n g e ∼ 1 8 – 2 5 M e .  D u e t o t h e c o m pli c at e d e v ol uti o n of
t er mi n al  m assi v e st ars a n d o bs er v ati o n al u n c ert ai nti es i n d ust
e xti n cti o n a n d b ol o m etri c c orr e cti o n, t h e st atisti c al si g ni fi c a n c e
a n d r o b ust n ess of t h e  R S G pr o bl e m h as b e e n a hi g hl y d e b at e d
t o pi c (e. g.,  W al ms w ell  &  El dri d g e 2 0 1 2 ;  El dri d g e et al. 2 0 1 3 ;

K o c h a n e k 2 0 1 4 ;  M e y n et et al. 2 0 1 5 ; S u k h b ol d et al. 2 0 1 6 ;
A d a ms et al. 2 0 1 7 ;  D a vi es  &  B e as or 2 0 1 8 ).

H er e,  w e r e p ort o pti c al / NI R p h ot o m etr y a n d s p e ctr os c o p y
of  T y p e II S N e 2 0 0 6 Y, 2 0 0 6 ai, a n d 2 0 1 6 e g z. I n S e cti o ns 2 a n d
3 ,  w e s u m m ari z e t h eir dis c o v eri es, f oll o w- u p o bs er v ati o ns, a n d
d at a r e d u cti o n. I n S e cti o n 4 ,  w e a n al y z e t h eir h ost g al a xi es,
li g ht c ur v es, a n d s p e ctr a, i n a d diti o n t o pr o d u ci n g a l ar g e
si n gl e-st ar  m o d el gri d b y v ar yi n g diff er e nt pr o g e nit or a n d
e x pl osi o n pr o p erti es.  T his r e v e als t h eir tr a nsiti o n al n at ur e
b et w e e n S N e II L a n d II b  wit h s m all  H-ri c h e n v el o p e  m ass,
hi g h pr o g e nit or  Z A M S  m ass, a n d d e ns e  C S M esti m at es.  As
s u c h,  w e dis c uss t h eir f or m ati o n c h a n n el a n d i m pli c ati o ns f or
t h e  R S G pr o bl e m i n S e cti o n 5 . Fi n all y,  w e s u m m ari z e o ur
fi n di n gs a n d dr a w c o n cl usi o ns i n S e cti o n 6 .

2.  Dis c o v e ri es

L u c k as et al. (2 0 0 6 b ) dis c o v er e d S N 2 0 0 6 Y o n 2 0 0 6
F e br u ar y 3. 5 8 (U T d at es ar e us e d t hr o u g h o ut ) at 1 7. 7  m a g at
R. A. = 0 7 h 1 3 m 1 7 ˢ. 1 7 a n d = -   ¢  d e cl. 5 1 4 1 1 8. 8 wit h a s u b-
s e q u e nt d et e cti o n o n 2 0 0 6 F e br u ar y 7. 6 0 at 1 7. 3  m a g a n d l ast
n o n- d et e cti o n li mit o n 2 0 0 6 J a n u ar y 2 7. 5 9 at 1 8. 5  m a g, usi n g
t h e u nfi lt er e d 3 5 c m  T e n a gr a t el es c o p e at P ert h,  A ustr ali a.  Wit h
t h e s a m e i nstr u m e nt al s et u p,  L u c k as et al. (2 0 0 6 a ) dis c o v er e d
S N 2 0 0 6 ai o n 2 0 0 6 F e br u ar y 1 7. 5 4 at 1 6. 2  m a g at
R. A. = 0 7 h 2 9 m 5 2 ˢ. 1 6 a n d = -   ¢  d e cl. 8 4 0 2 2 0. 5 wit h a s u bs e-
q u e nt d et e cti o n o n 2 0 0 6 F e br u ar y 1 9. 5 2 at 1 6. 0  m a g a n d t h e
l ast n o n- d et e cti o n li mit o n 2 0 0 5  D e c e m b er 1 6. 7 9 at 1 8. 5  m a g.
M orr ell  & F ol at elli (2 0 0 6 ) o bt ai n e d o pti c al s p e ctr a of
S N e 2 0 0 6 Y a n d 2 0 0 6 ai o n F e br u ar y 2 7. 1 4 a n d  M ar c h 5. 1 2,
r es p e cti v el y,  wit h t h e  L as  C a m p a n as 2. 5  m d u P o nt t el es c o p e
t hr o u g h t h e  C ar n e gi e S u p er n o v a Pr oj e ct-I (C S P-I;  H a m u y et al.

2 0 0 6 ), cl assif yi n g t h e m as S N e II.  C S P-I als o o bt ai n e d
o pti c al s p e ctr a of t h e h ost g al a xi es of S N e 2 0 0 6 Y a n d
2 0 0 6 ai a n d  m e as ur e d r e ds hifts of z = 0. 0 3 3 6 ± 0. 0 0 0 1 a n d
0. 0 1 5 8 ± 0. 0 0 0 1, r es p e cti v el y.

T h e  All- S k y  A ut o m at e d S ur v e y f or S u p er n o v a e (A S A S- S N;
S h a p p e e et al. 2 0 1 4 ) dis c o v er e d S N 2 0 1 6 e g z (A S A S S N- 1 6 h n )
o n 2 0 1 6 J ul y 2 4. 3 2 at 1 6. 1  m a g at  R. A. = 0 0 h 0 4 m 0 3 ˢ. 8 5 4 a n d

= -   ¢  d e cl. 3 4 4 8 5 1. 8 7 wit h a l ast n o n- d et e cti o n li mit o n 2 0 1 6
J ul y 1 7. 2 3 at 1 7. 4  m a g, usi n g t h e V - b a n d 1 4 c m  A S A S- S N
C assi us t el es c o p e at  C err o  T ol ol o,  C hil e (Br o w n 2 0 1 6 ). A
pr e dis c o v er y d et e cti o n o n 2 0 1 6 J ul y 2 1. 2 6 at 1 5. 5  m a g  wit h t h e
s a m e i nstr u m e nt al s et u p  w as r etri e v e d vi a t h e  A S A S- S N li g ht-
c ur v e s er v er 2 5 (S h a p p e e et al. 2 0 1 4 ;  K o c h a n e k et al. 2 0 1 7 ).
Fr as er et al. (2 0 1 6 ) o bt ai n e d a n o pti c al s p e ctr u m of
S N 2 0 1 6 e g z o n 2 0 1 6 J ul y 2 6. 2 5  wit h t h e  E ur o p e a n S o ut h er n
O bs er v at or y (E S O ) 3. 5 8  m  N e w  T e c h n ol o g y  T el es c o p e (N T T )
t hr o u g h t h e P u bli c  E S O S p e ctr os c o pi c S ur v e y f or  Tr a nsi e nt
O bj e cts (P E S S T O; S m artt et al. 2 0 1 5 ), cl assif yi n g it as a y o u n g
S N II at z = 0. 0 2 3 2 ± 0. 0 0 0 3 of t h e h ost g al a x y,  G A L E X A S C
J 0 0 0 4 0 3. 8 8- 3 4 4 8 5 1. 6 (C oll ess et al. 2 0 0 3 ).2 6

Gi v e n t h e ti g ht l ast n o n- d et e cti o n li mits,  w e esti m at e t h e
e x pl osi o n e p o c hs of S N e 2 0 0 6 Y a n d 2 0 1 6 e g z b y si m pl y t a ki n g
t h e  mi d p oi nt of t h e l ast n o n- d et e cti o n a n d t h e fi rst d et e cti o n
wit h t h e err or b ei n g t h e esti m at e d e x pl osi o n e p o c h  mi n us t h e
l ast n o n- d et e cti o n.  T his yi el ds  MJ D0 = 5 3 7 6 6. 1 ± 3. 4 a n d
5 7 5 8 8. 2 ± 2. 0 f or S N e 2 0 0 6 Y a n d 2 0 1 6 e g z, r es p e cti v el y.  As
t h er e is n o c o nstr ai ni n g l ast n o n- d et e cti o n li mit f or S N 2 0 0 6 ai,

2 5
htt ps: / / as as-s n. os u. e d u /

2 6 Vi a t h e  N A S A / I P A C  E xtr a g al a cti c  D at a b as e (N E D ): htt p: / / n e d.
i p a c. c alt e c h. e d u/ .
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w e a d o pt t h e e x pl osi o n e p o c h esti m at e  MJ D 0 = 5 3 7 8 1. 6 ± 5. 0
(∼ 1. 9 d a ys b ef or e t h e dis c o v er y ) fr o m t h e s p e ctr al  m at c hi n g
t e c h ni q u e of  A n d ers o n et al. (2 0 1 4 ) a n d  G uti érr e z et al.
(2 0 1 7 a ).  T his is r e as o n a bl e gi v e n t h e e arl y risi n g li g ht c ur v es
(s e e S e cti o n 3 ). F or e a c h S N,  w e us e t h e e x pl osi o n e p o c h as a
r ef er e n c e e p o c h f or all p h as es.  W e ass u m e a st a n d ar d  L a m b d a
c ol d d ar k  m att er c os m ol o g y  wit h H 0 = 7 1. 0 k m s − 1 M p c − 1 ,
Ω Λ = 0. 7, a n d Ω m = 0. 3, a n d c o n v ert t h e r e ds hifts t o l u mi n osit y
dist a n c es: d L = 1 4 6  M p c (μ = 3 5. 8  m a g ), 6 7. 5  M p c (3 4. 1  m a g ),
a n d 1 0 0  M p c (3 5. 0  m a g ), r es p e cti v el y, f or S N e 2 0 0 6 Y, 2 0 0 6 ai,
a n d 2 0 1 6 e g z.

3.  O bs e r v ati o ns a n d  D at a  R e d u cti o n

F or S N e 2 0 0 6 Y a n d 2 0 0 6 ai, u B g Vri o pti c al a n d Y J H NI R
p h ot o m etr y  w er e o bt ai n e d t hr o u g h  C S P-I. St a n d ar d r e d u cti o n
t e c h ni q u es  w er e a p pli e d t o all i m a g es (e. g., Strit zi n g er et al.
2 0 1 1 ).  T h e n d e e p t e m pl at e o bs er v ati o ns o bt ai n e d o n c e t h e S N
h a d s uf fi ci e ntl y f a d e d fr o m d et e cti o n  w er e us e d t o s u btr a ct t h e
u n d erl yi n g h ost g al a x y e missi o n. P h ot o m etr y of t h e S N  w as
c o m p ut e d diff er e nti all y  wit h r es p e ct t o a l o c al s e q u e n c e of
st ars, t o g et h er  wit h d e fi niti v e p h ot o m etr y i n t h e st a n d ar d u gri
(S mit h et al. 2 0 0 2 ), B V (L a n d olt 1 9 9 2 ), a n d Y J H (P erss o n et al.
1 9 9 8 ) p h ot o m etri c s yst e ms, a n d c ali br at e d t o st a n d ar d st ar
fi el ds o bs er v e d o n p h ot o m etri c ni g hts (s e e  Kris ci u n as et al.
2 0 1 7 f or a d et ail e d d es cri pti o n of t h e a b o v e).  T h e V - b a n d li g ht
c ur v es pr es e nt e d h er e ar e a n u p d at e d v ersi o n t o t h os e i n cl u d e d
i n t h e  A n d ers o n et al. (2 0 1 4 ) s a m pl e.  C S P-I s p e ctr os c o p y of
S N e 2 0 0 6 Y a n d 2 0 0 6 ai h as alr e a d y b e e n p u blis h e d i n  G uti érr e z
et al. (2 0 1 7 a ), a n d t h e r e a d er is r ef err e d t o t h at p u bli c ati o n f or
m or e d et ails.

F or S N 2 0 1 6 e g z,  L as  C u m br es  O bs er v at or y B g Vri - b a n d d at a
w er e o bt ai n e d  wit h t h e S a nt a  B ar b ar a I nstr u m e nt  Gr o u p
(S BI G ) a n d Si nistr o c a m er as o n t h e n et w or k of 1  m t el es c o p es
at S ut h erl a n d (S o ut h  Afri c a ), t h e  C err o  T ol ol o I nt er- A m eri c a n
O bs er v at or y (C hil e ), a n d Si di n g S pri n g (A ustr ali a ) (Br o w n
et al. 2 0 1 3 ), t hr o u g h t h e S u p er n o v a  K e y Pr oj e ct a n d  Gl o b al

S u p er n o v a Pr oj e ct.  Usi n g l c o g t s n p i p e 2 7 (V al e nti et al.
2 0 1 6 ), a P y R A F- b as e d p h ot o m etri c r e d u cti o n pi p eli n e, p oi nt-
s pr e a d f u n cti o n fi tti n g  w as p erf or m e d.  R ef er e n c e i m a g es  w er e
o bt ai n e d  wit h a Si nistr o c a m er a aft er t h e S N f a d e d, a n d i m a g e
s u btr a cti o n  w as p erf or m e d usi n g P y Z O G Y 2 8 (G u e v el  &
H oss ei n z a d e h 2 0 1 7 ), a n i m pl e m e nt ati o n i n P yt h o n of t h e
s u btr a cti o n al g orit h m d es cri b e d i n  Z a c k a y et al. (2 0 1 6 ). B V -
a n d gri - b a n d d at a  w er e c ali br at e d t o  V e g a (St ets o n 2 0 0 0 ) a n d
A B (Al b ar eti et al. 2 0 1 7 ) m a g nit u d es, r es p e cti v el y, usi n g
st a n d ar d fi el ds o bs er v e d o n t h e s a m e ni g ht b y t h e s a m e
t el es c o p e as t h e S N.

L as  C u m br es  O bs er v at or y o pti c al s p e ctr a f or S N 2 0 1 6 e g z
w er e t a k e n  wit h t h e F L O Y D S s p e ctr o gr a p hs  m o u nt e d o n t h e
2  m F a ul k es  T el es c o p e  N ort h (F T N ) a n d S o ut h (F T S ) at
H al e a k al a (U S A ) a n d Si di n g S pri n g (A ustr ali a ), r es p e cti v el y,
t hr o u g h t h e S u p er n o v a  K e y Pr oj e ct a n d  Gl o b al S u p er n o v a
Pr oj e ct.  A 2 ″ slit  w as pl a c e d o n t h e t ar g et al o n g t h e p ar all a cti c
a n gl e (Fili p p e n k o 1 9 8 2 ).  O n e- di m e nsi o n al s p e ctr a  w er e
e xtr a ct e d, r e d u c e d, a n d c ali br at e d f oll o wi n g st a n d ar d pr o c e-
d ur es usi n g fl o y d s _ p i p e l i n e 2 9 (V al e nti et al. 2 0 1 4 ).
A d diti o n al o pti c al s p e ctr a of t h e S N a n d h ost g al a x y  w er e
o bt ai n e d b y P E S S T O a n d e xt e n d e d P E S S T O (e P E S S T O ) wit h
N T T (+ E F O S C 2 ).  E F O S C 2 s p e ctr a  w er e r e d u c e d a n d
c ali br at e d i n a st a n d ar d  m a n n er usi n g a c ust o m b uilt pi p eli n e
f or t h e P E S S T O pr oj e ct (S m artt et al. 2 0 1 5 ).

All p h ot o m etr y a n d s p e ctr os c o p y of S N e 2 0 0 6 Y, 2 0 0 6 ai, a n d
2 0 1 6 e g z ar e pr es e nt e d i n Fi g ur es 1 a n d 2 , r es p e cti v el y, a n d  will
b e a v ail a bl e f or d o w nl o a d vi a t h e  O p e n S u p er n o v a  C at al o g
(G uill o c h o n et al. 2 0 1 7 ) a n d t h e  W ei z m a n n I nt er a cti v e
S u p er n o v a  D at a  R e p osit or y (WI S e R E P;  Y ar o n  &  G al-
Y a m 2 0 1 2 ). F or S N e 2 0 0 6 Y, 2 0 0 6 ai, a n d 2 0 1 6 e g z, n o  N a I D
a bs or pti o n is s e e n at t h e h ost r e ds hift (Fi g ur e 2 ), i n di c ati n g l o w
h ost e xti n cti o n at t h e S N p ositi o n.  T h us,  w e c orr e ct all

Fi g u r e 1. H ost-s u btr a ct e d a n d e xti n cti o n- c orr e ct e d li g ht c ur v es of S N e 2 0 0 6 Y, 2 0 0 6 ai, a n d 2 0 1 6 e g z.  Err or b ars d e n ot e 1 σ u n c ert ai nti es a n d ar e s o m eti m es s m all er
t h a n t h e  m ar k er si z e.  N ot e t h e si mil ar l u mi n o us V - b a n d p e a ks  − 1 8. 2  m a g ) a n d s h ort V - b a n d pl at e a us (∼ 5 0 – 7 0 d a ys ).  T h e t ail of S N 2 0 0 6 Y is n ot  w ell s a m pl e d,
w hil e t h os e of S N e 2 0 0 6 ai a n d 2 0 1 6 e g z ar e r o u g hl y c o nsist e nt  wit h 5 6 C o d e c a y.

2 7
htt ps: / / git h u b. c o m / L C O G T / l c o gts n pi p e

2 8 htt ps: / / git h u b. c o m / d g u e v el / P y Z O G Y
2 9

htt ps: / / git h u b. c o m / L C O G T / fl o y ds _ pi p eli n e
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p h ot o m etr y a n d s p e ctr os c o p y o nl y f or t h e  Mil k y  W a y
e xti n cti o n (S c hl a fl y  & Fi n k b ei n er 2 0 1 1 )3 0 of A V = 0. 3 4 7,
0. 3 3 7, a n d 0. 0 4 2  m a g f or S N e 2 0 0 6 Y, 2 0 0 6 ai, a n d 2 0 1 6 e g z,
r es p e cti v el y, ass u mi n g t h e Fit z p atri c k (1 9 9 9 ) r e d d e ni n g l a w
wit h R V = 3. 1.

4.  A n al ysis

4. 1.  H ost  G al a xi es

W e  m e as ur e h ost g al a x y li n e fl u x es b y fi tti n g a  G a ussi a n
pr o fi l e t o e a c h li n e.  T h e  m e as ur e m e nts ar e s u m m ari z e d i n
T a bl e 1 . I n Fi g ur e 3 ,  w e pl a c e t h e h ost g al a xi es i n  B al d wi n-
P hilli ps- T erl e vi c h (B P T ) di a gr a ms (B al d wi n et al. 1 9 8 1 ) b as e d
o n t h e li n e r ati os of [O III] λ 5 0 0 7 / H β , [N II] λ 6 5 8 3 / H α , a n d
[S II] λ 6 7 1 7 / H α .  A c c or di n g t o t h e  K e wl e y et al. (2 0 0 6 )
cl assi fi c ati o n s c h e m e, t h e h ost g al a xi es of S N e 2 0 0 6 Y, 2 0 0 6 ai,
a n d 2 0 1 6 e g z li e i n t h e st ar-f or mi n g r e gi o n i n t h e  B P T
di a gr a ms.  T h us,  w e esti m at e st ar f or m ati o n r at es (S F Rs ) fr o m
t h e  Hα a n d [O II] λ 3 7 2 7 fl u x es usi n g t h e c ali br ati o ns
s u m m ari z e d i n  K e n ni c utt (1 9 9 8 ) a n d fr o m t h e  G al a x y
E v ol uti o n  E x pl or er (G A L E X ) p h ot o m etr y (S ei b ert et al.
2 0 1 2 , r etri e v e d vi a  N E D) usi n g t h e S ali m et al. (2 0 0 7 )
c ali br ati o n  w h er e t h e  m e as ur e m e nts ar e a v ail a bl e.  T h es e S F R

esti m at es yi el d a r a n g e of 0. 0 4 – 0. 8 M e yr − 1 .  W e als o esti m at e
h ost g al a x y  m et alli citi es fr o m t h e  m e as ur e d li n e r ati os a n d
v ari o us esti m at es usi n g P y M C Z (Bi a n c o et al. 2 0 1 6 ).  T h e
w ei g ht e d a v er a g es of ( )+ =1 2 l o g  O  H 8. 2 01 0 – 8. 7 1 r o u g hl y
c orr es p o n d t o 0. 3 – 0. 9 Z e (As pl u n d et al. 2 0 0 9 ).  T h e  m e as ur e d
h ost g al a x y pr o p erti es ar e s u m m ari z e d i n  T a bl e 2 .

T h e h ost g al a xi es of S N e 2 0 0 6 Y, 2 0 0 6 ai, a n d 2 0 1 6 e g z ar e
st ar-f or mi n g g al a xi es at s u bs ol ar  m et alli citi es.  T h e y s h o w
r el ati v el y l o w [N II]/ H α , [S II]/ H α , a n d  m o d er at e-t o- hi g h
[O III]/ H β i n t h e  B P T c o m p aris o ns  wit h t h e S D S S a n d c or e-
c oll a ps e s u p er n o v a (C C S N ) h ost g al a xi es (Fi g ur e 3 ).  C o m-
p ar e d t o  C C S N h ost g al a x y s a m pl es, t h e h ost S F Rs ar e
r el ati v el y l o w ( 2 5 % of  C C S N e;  G al b a n y et al. 2 0 1 4 ),  w hil e
t h e h ost  m et alli citi es s p a n a  wi d e r a n g e (∼ 9 0 % – 1 0 0 % of
C C S N e;  A n d ers o n et al. 2 0 1 6 ;  G al b a n y et al. 2 0 1 6 a ).
S N e 2 0 0 6 Y, 2 0 0 6 ai, a n d 2 0 1 6 e g z ar e als o i n cl u d e d i n t h e
G uti érr e z et al. (2 0 1 8 ) S N II s a m pl e i n l o w-l u mi n osit y h ost
g al a xi es, i n  w hi c h t h e y fi n d t h at l o w-l u mi n osit y g al a xi es
g e n er all y h ost S N e II  wit h sl o w er d e cli ni n g li g ht c ur v es a n d
w e a k er a bs or pti o n li n es, b ut di d n ot fi n d str o n g c orr el ati o ns
wit h pl at e a u l e n gt hs or e x p a nsi o n v el o citi es.  T h us, s h ort-
pl at e a u S N e, li k e 2 0 0 6 Y, 2 0 0 6 ai, a n d 2 0 1 6 e g z, d o n ot s e e m t o
h a v e str o n g e n vir o n m e nt al pr ef er e n c es, alt h o u g h t his  m erits
f ut ur e i n v esti g ati o ns  wit h bi g g er s a m pl es gi v e n t h e r arit y of
t h es e s h ort- pl at e a u S N e.

Fi g u r e 2. E xti n cti o n- c orr e ct e d s p e ctr al s eri es of S N e 2 0 0 6 Y, 2 0 0 6 ai, a n d 2 0 1 6 e g z.  A p pr o xi m at e e v ol uti o n ar y p h as es ar e gi v e n as s h o c k f or s h o c k- c o oli n g p h as e  wit h
a  m ostl y bl u e f e at ur el ess c o nti n u u m; p h ot o f or o pti c all y t hi c k p h ot os p h eri c p h as e  wit h pr o mi n e nt h y dr o g e n P  C y g ni f e at ur es; a n d n e b ul ar f or o pti c all y t hi n n e b ul ar
p h as e  wit h f or bi d d e n e missi o n li n es (e. g., [O I] λ λ 6 3 0 0, 6 3 6 4 ).  N ot e t h at t h e n arr o w e missi o n li n es (e. g.,  H α a n d  H β ) a n d t h e l at e-ti m e ( 7 0 d a ys ) bl u e c o nti n u u m
wit h t h e 4 0 0 0 Å br e a k ar e h ost c o nt a mi n a nts, as s e e n i n t h e h ost (i. e., t h e l ast) s p e ctr a.

T a bl e 1
H ost  G al a x y  Li n e Fl u x es (1 0 − 1 5 er g s − 1 c m − 2 )

S N [O II] λ 3 7 2 7  H β [O III] λ 4 9 5 9 [O III] λ 5 0 0 7  H α [N II] λ 6 5 8 3 [S II] λ 6 7 1 7 [S II] λ 6 7 3 1

2 0 0 6 Y 1 3. 9 ± 0. 3 2. 8 9 ± 0. 0 4 3. 0 8 ± 0. 0 7 9. 8 7 ± 0. 0 2 1 0. 3 7 ± 0. 0 4 0. 8 6 ± 0. 0 1 1. 5 2 ± 0. 0 4 1. 0 6 ± 0. 0 3

2 0 0 6 ai L 3 7 ± 2 7. 2 ± 0. 3 1 8. 4 ± 0. 6 1 8 1 ± 3 5 4 ± 1 7. 8 ± 0. 6 4 5 ± 3

2 0 1 6 e g z 5. 0 8 ± 0. 0 4 1. 0 3 ± 0. 0 4 1. 9 5 ± 0. 0 4 4. 8 7 ± 0. 0 2 4. 6 2 ± 0. 0 3 0. 1 4 ± 0. 0 1 0. 1 3 ± 0. 0 2 1. 1 3 ± 0. 0 2

3 0 Vi a t h e  N A S A / I P A C I nfr ar e d S ci e n c e  Ar c hi v e (I R S A): htt ps: / / irs a.
i p a c. c alt e c h. e d u/ a p pli c ati o ns / D U S T / .
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4. 2. V - b a n d a n d  B ol o m etri c Li g ht  C ur v es

W e fi t a bl a c k b o d y s p e ctr al e n er g y distri b uti o n (S E D ) t o
e v er y e p o c h of p h ot o m etr y c o nt ai ni n g at l e ast t hr e e fi lt ers
(e x cl u di n g t h e r b a n d o wi n g t o str o n g  H α c o nt a mi n ati o n )
o bt ai n e d  wit hi n 0. 3 d a ys of e a c h ot h er t o esti m at e bl a c k b o d y
t e m p er at ur e a n d r a di us.3 1 T h e n  w e i nt e gr at e t h e fi tt e d bl a c k-
b o d y S E D o v er t h e f ull (a n d  U B V RI: 3 2 5 0 – 8 9 0 0 Å )
w a v el e n gt h r a n g e t o o bt ai n b ol o m etri c (a n d ps e u d o b ol o m etri c )
l u mi n osit y at e a c h e p o c h.  C o m p ari n g t h e l u mi n osit y o n t h e
5 6 C o t ail t o t h at of S N 1 9 8 7 A (H a m u y 2 0 0 3 ),  w e esti m at e 5 6 Ni
m ass es of 0. 0 6 2 ± 0. 0 0 2 M e a n d 0. 0 9 0 ± 0. 0 0 5 M e f or
S N e 2 0 0 6 ai a n d 2 0 1 6 e g z, r es p e cti v el y.  Alt h o u g h t h e t ail of
S N 2 0 0 6 Y is n ot  w ell s a m pl e d,  w e p ut a r o u g h 5 6 Ni  m ass
c o nstr ai nt of 0. 0 6 – 0. 0 9 M e b as e d o n t h e l ast V - b a n d p oi nt a n d
r- a n d i- b a n d t ail l u mi n osit y i n b et w e e n t h os e of S N e 2 0 0 6 ai
a n d 2 0 1 6 e g z (Fi g ur e 1 ).  T h es e 5 6 Ni  m ass esti m at es ar e a m o n g
t h e hi g h est i n t h e  A n d ers o n et al. (2 0 1 4 ) a n d  V al e nti et al.
(2 0 1 6 ) s a m pl es.

T h e c o m p aris o ns of t h e V - b a n d a n d ps e u d o b ol o m etri c li g ht
c ur v es of S N e 2 0 0 6 Y, 2 0 0 6 ai, a n d 2 0 1 6 e g z, r es p e cti v el y,  wit h
t h e  A n d ers o n et al. (2 0 1 4 ) a n d  V al e nti et al. (2 0 1 6 ) s a m pl es ar e
s h o w n i n Fi g ur e 4 .  A n d ers o n et al. (2 0 1 4 ) i n cl u d e S N e 2 0 0 6 Y
a n d 2 0 0 6 ai i n t h eir s a m pl e a n al ysis a n d i d e ntif y S N 2 0 0 6 Y as
a n o utli er t o  m a n y o bs er v e d tr e n ds; it s h o ws t h e f ast est d e cli n e
fr o m t h e bri g ht  m a xi m u m f oll o w e d b y t h e s h ort est pl at e a u
l e n gt h.  T h e V - b a n d li g ht c ur v es of S N e 2 0 0 6 ai a n d 2 0 1 6 e g z
s h o w p e a k a n d pl at e a u c h ar a ct eristi cs si mil ar t o S N 2 0 0 6 Y.
T h e si mil ariti es st a n d o ut e v e n  m or e  w h e n t h eir li g ht c ur v es ar e
n or m ali z e d t o p e a k, s h o wi n g o n e of t h e l ar g est p e a k-t o-t ail
l u mi n osit y c o ntr asts a n d t h e s h ort est (o pti c all y t hi c k ) p h ot o-
s p h eri c d ur ati o ns (Fi g ur e 4 (a )).  T h e p e c uli ariti es of S N e 2 0 0 6 Y
a n d 2 0 1 6 e g z c o ul d b e e v e n  m or e e xtr e m e (c o m p ar e d t o t h e
n or m al S N II p o p ul ati o n ), gi v e n t h at t h eir li g ht- c ur v e p e a ks ar e
l o w er li mits (n ot o bs er v e d ).

T h e si mil ar c h ar a ct eristi cs c a n als o b e s e e n i n t h e
ps e u d o b ol o m etri c li g ht- c ur v e c o m p aris o n i n Fi g ur e 4 (b ). I n
a d diti o n, t h e p e a ks a n d t h e f oll o wi n g d e cli n e r at es of
S N e 2 0 0 6 Y, 2 0 0 6 ai, a n d 2 0 1 6 e g z ar e bri g ht er a n d st e e p er,
r es p e cti v el y, t h a n t h os e of S N 2 0 1 3fs (Y ar o n et al. 2 0 1 7 )
w h os e e arl y ti m e ( 5 d ) s p e ctr a s h o w fl as h f e at ur es (hi g h-

Fi g u r e 3. C o m p aris o n of t h e h ost g al a x y  B P T di a gr a ms a n d c u m ul ati v e fr a cti o ns  wit h r es p e ct t o e a c h a xis of S N e 2 0 0 6 Y, 2 0 0 6 ai, a n d 2 0 1 6 e g z  wit h t h e S N s a m pl e of
Gr a h a m (2 0 1 9 ) a n d t h e  Ei g ht h  D at a  R el e as e of t h e Sl o a n  Di git al S k y S ur v e y (S D S S  D R 8;  Eis e nst ei n et al. 2 0 1 1 ;  Ai h ar a et al. 2 0 1 1 ).  T h e g al a x y cl assifi c ati o n s c h e m e
is a d o pt e d fr o m  K e wl e y et al. (2 0 0 6 ).  N ot e t h at t h e h ost g al a xi es of S N e 2 0 0 6 Y, 2 0 0 6 ai, a n d 2 0 1 6 e g z li e i n t h e st ar-f or mi n g r e gi o n  wit h r el ati v el y l o w [N II]/ H α
( 2 1 % a n d  3 7 % of S D S S a n d S N II h ost g al a xi es, r es p e cti v el y ), [S II]/ H α ( 2 1 % of S D S S a n d S N II h ost g al a xi es ), a n d  m o d er at e-t o- hi g h [O III]/ H β ( 6 2 % a n d
 5 6 % of S D S S a n d S N II h ost g al a xi es, r es p e cti v el y ).

T a bl e 2
H ost  G al a x y Pr o p erti es

S N M B
a G al a x y  Cl ass b S F R (L H α ) S F R (L [O II ]) S F R (L G A L E X ) ( )+1 2 l o g O H1 0

c Z
(m a g ) (M e yr − 1 ) (M e yr − 1 ) (M e yr − 1 ) (Z e )

2 0 0 6 Y − 1 6. 3 2 St ar f or mi n g 0. 2 0. 5 L 8. 3 2 (7. 7 2 – 8. 7 2 ) 0. 3 5

2 0 0 6 ai − 1 9. 2 2 St ar f or mi n g 0. 8 L L 8. 7 1 (8. 5 0 – 8. 9 1 ) 0. 8 7

2 0 1 6 e g z − 1 6. 3 6 St ar f or mi n g 0. 0 4 0. 0 8 0. 1 5 8. 2 0 (7. 8 1 – 8. 6 9 ) 0. 2 7

N ot es.
a Fr o m  G uti érr e z et al. (2 0 1 8 ).
b

B as e d o n t h e  B P T di a gr a ms (Fi g ur e 3 ).
c I n t h e f or m at of w ei g ht e d a v er a g e (r a n g e fr o m v ari o us esti m at es ) usi n g P y M C Z (Bi a n c o et al. 2 0 1 6 ).

3 1
T h e o bs er v e d S E D p e a ks ar e bl u er t h a n o ur  w a v el e n gt h c o v er a g e d uri n g t h e

fi rst ∼ 1 0 d a ys f or S N e 2 0 0 6 Y, 2 0 0 6 ai, a n d 2 0 1 6 e g z, p ot e nti all y u n d er-
esti m ati n g t h e bl a c k b o d y t e m p er at ur es.
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i o ni z ati o n  C S M e missi o n li n es e x cit e d b y t h e S N s h o c k-
br e a k o ut r a di ati o n;  G al- Y a m et al. 2 0 1 4 ;  K h a z o v et al. 2 0 1 6 ;
Br u c h et al. 2 0 2 1 ).  V ari o us fl as h s p e ctr al a n d li g ht- c ur v e
m o d eli n g h a v e i nf err e d hi g h  m ass-l oss r at es f or S N 2 0 1 3fs,
r a n gi n g fr o m ∼ 0. 0 0 1 – 0. 1 M e yr − 1 f or t h e l ast f e w y e ars t o
d e c a d es b ef or e t h e e x pl osi o n (e. g.,  M ori y a et al. 2 0 1 7 ;
M or o z o v a et al. 2 0 1 7 ;  Y ar o n et al. 2 0 1 7 , b ut s e e als o  D ess art
et al. 2 0 1 7 ; S o k er 2 0 2 1 a n d  K o c h a n e k (2 0 1 9 ) f or t h e p ossi bl e
alt er n ati v es fr o m a n e xt e n d e d e n v el o p e a n d bi n ar y i nt er a cti o n,
r es p e cti v el y).  T h us, t h e bri g ht er a n d st e e p er p e a ks of
S N e 2 0 0 6 Y, 2 0 0 6 ai, a n d 2 0 1 6 e g z li k el y i n di c at e t h e pr es e n c e
of si mil ar or e v e n d e ns er  C S M.  H o w e v er,  w e still d o n ot s e e
fl as h f e at ur es, pr o b a bl y b e c a us e t h e S N ej e ct a h a d alr e a d y
o v err u n t h e  C S M b y t h e ti m e of o ur fi rst s p e ctr a (Fi g ur e 2 ).

As fi rst- or d er esti m at es f or pr o g e nit or a n d e x pl osi o n
pr o p erti es,  w e us e t h e S N II P li g ht- c ur v e s c ali n g r el ati o ns of
G ol d b er g et al. (2 0 1 9 ) t h at gi v e d e g e n er at e p ar a m et er s p a c e f or
pr o g e nit or r a di us, ej e ct a  m ass (M ej ), a n d e x pl osi o n e n er g y
(E e x p ) b as e d o n t h e o bs er v e d l u mi n osit y at d a y 5 0, pl at e a u
d ur ati o n, a n d 5 6 Ni  m ass.  W e c a uti o n t h at t h es e r el ati o ns ar e n ot
c ali br at e d t o s h ort- pl at e a u S N e, s u c h as S N e 2 0 0 6 Y, 2 0 0 6 ai,
a n d 2 0 1 6 e g z,  w h os e li g ht c ur v es st art t o dr o p fr o m t h e pl at e a us
ar o u n d d a y 5 0, b ut n o n et h el ess t h e y s h o ul d pr o vi d e s o m e cr u d e
esti m at es.  T h e e xtr a h e ati n g fr o m 5 6 Ni e xt e n ds pl at e a u

d ur ati o n, b ut it is n ot t h e l a c k of 5 6 Ni t h at c a us es t h e s h ort
pl at e a us of S N e 2 0 0 6 Y, 2 0 0 6 ai, a n d 2 0 1 6 e g z, gi v e n t h eir
hi g h 5 6 Ni  m ass esti m at es. If  w e ass u m e a t y pi c al  R S G r a di us
of 8 0 0 R e , t h e n  H-ri c h M ej ∼ 1, 2, a n d 4 M e a n d

~ ´E 0. 3, 0. 4, 0. 8 1 0e x p
5 1 er g c a n b e i nf err e d, r es p e cti v el y,

f or S N e 2 0 0 6 Y, 2 0 0 6 ai, a n d 2 0 1 6 e g z fr o m t h e li g ht- c ur v e
s c ali n g r el ati o ns.  T his s u g g ests si g ni fi c a nt pr o g e nit or  H-ri c h
e n v el o p e stri p pi n g.

4. 3. M E S A + S T E L L A Pr o g e nit or a n d Li g ht- c ur v e  M o d eli n g

I n or d er t o e x pl or e t h e eff e ct of  H-ri c h e n v el o p e stri p pi n g i n
S N II li g ht c ur v es i n  m or e d et ail a n d t o b ett er e xtr a ct p h ysi c al
p ar a m et ers fr o m t h e s h ort- pl at e a u li g ht c ur v es,  w e c o nstr u ct a
l ar g e M E S A (P a xt o n et al. 2 0 1 1 , 2 0 1 3 , 2 0 1 5 , 2 0 1 8 , 2 0 1 9 ) +
S T E L L A (Bli n ni k o v et al. 1 9 9 8 , 2 0 0 0 , 2 0 0 6 ;  Bli n ni k o v  &
S or o ki n a 2 0 0 4 ;  B a kl a n o v et al. 2 0 0 5 ) si n gl e-st ar pr o g e nit or a n d
li g ht- c ur v e  m o d el gri d. F or t h e M E S A pr o g e nit or  m o d el gri d,
w e v ar y  Z A M S  m ass es (M Z A M S = 1 0. 0 – 2 5. 0 M e wit h 2. 5 M e

i n cr e m e nts) a n d  wi n d s c ali n g f a ct ors (η wi n d = 0. 0 – 3. 0  wit h
0. 1 i n cr e m e nts ),  w hil e fi xi n g s u bs ol ar  Z A M S  m et alli cit y
(Z = 0. 3 Z e ) a n d n o r ot ati o n (ν / ν crit = 0 ). F or t h e M E S A
e x pl osi o n  m o d el gri d,  w e v ar y e x pl osi o n e n er gi es ( =E 0. 4e x p

– 2. 0 × 1 0 5 1 er g  wit h 0. 2 × 1 0 5 1 er g i n cr e m e nts ) a n d 5 6 Ni

Fi g u r e 4. C o m p aris o n of t h e u n n or m ali z e d (t o p) a n d n or m ali z e d t o p e a k (b ott o m ) li g ht c ur v es of S N e 2 0 0 6 Y, 2 0 0 6 ai, a n d 2 0 1 6 e g z  wit h S N II s a m pl es (gr a y
tr a ns p ar e nt li n es), i n cl u di n g t h e ar c h et y p al S N II P 1 9 9 9 e m, t h e l o w-l u mi n osit y S N e II P 2 0 0 5 cs a n d 2 0 0 8 b k, a n d t h e e arl y-fl as h S N 2 0 1 3fs.  Err or b ars d e n ot e 1 σ
u n c ert ai nti es a n d ar e s o m eti m es s m all er t h a n t h e  m ar k er si z e.  N ot e t h e si mil ar hi g h l u mi n osit y a n d s h ort pl at e a us of S N e 2 0 0 6 Y, 2 0 0 6 ai, a n d 2 0 1 6 e g z,  w hi c h c o ul d b e
m or e pr o n o u n c e d, as t h eir p e a ks ar e l o w er li mits (i. e., n ot o bs er v e d).
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m ass es (M Ni = 0. 0 4, 0. 0 7, a n d 0. 1 M e ) f or e a c h pr o g e nit or
m o d el.  T h e n  w e h a n d off t h es e e x pl osi o n  m o d els t o S T E L L A
t o pr o d u c e s y nt h eti c li g ht c ur v es a n d e x p a nsi o n v el o citi es.  A
m or e d et ail e d d es cri pti o n of t h e  m o d el gri d is pr es e nt e d i n
A p p e n di x .

T h e f ull li g ht- c ur v e  m o d el gri d  wit h M Ni = 0. 0 7 M e (t ot ali n g
1, 3 0 3  m o d els )3 2 is s h o w n i n Fi g ur e 5 .  T his s h o ws S N II
s u bt y p es as p art of a c o nti n u o us p o p ul ati o n, d eli n e at e d b y t h eir
H-ri c h e n v el o p e  m ass (M ;H e n v

w e us e t h e 2 0 %  m ass fr a cti o n
p oi nt X (H ) � 0. 2 ).3 3 S h ort- pl at e a u S N e r e pr es e nt a tr a nsiti o n al

cl ass b et w e e n S N e II L a n d II b i n a n arr o w M H e n v
wi n d o w

( D ~M M1. 2H e n v
).  T his is li k el y  w h y t h es e s h ort- pl at e a u S N e

ar e s o r ar e.  T h e S N II pl at e a u sl o p e c orr el ati o ns  wit h t h e
m a xi m u m bri g ht n ess a n d pl at e a u d ur ati o n (e. g.,  A n d ers o n et al.
2 0 1 4 ; S a n d ers et al. 2 0 1 5 ;  G al b a n y et al. 2 0 1 6 b ;  V al e nti et al.
2 0 1 6 ) ar e als o n at ur all y r e pr o d u c e d  wit h s o m e s c att er b y
v ar yi n g M H e n v

a n d E e x p .  As t h e p o p ul ati o n is r at h er c o nti n u o us,
t h e a p pli e d M H e n v

c uts ar e s o m e w h at ar bitr ar y a n d  m ai nl y f or
pr es e nt ati o n p ur p os es.

I n or d er t o d e m o nstr at e t h e eff e ct of 5 6 Ni h e ati n g o n t h e
S N II li g ht c ur v es,  w e us e a fi n er M Ni gri d s p a ci n g
(0. 0 0 – 0. 1 0 M e wit h 0. 0 1 M e i n cr e m e nts) f or a r e pr es e nt ati v e
m o d el of e a c h S N II s u bt y p e a n d s h o w t h eir li g ht c ur v es i n
Fi g ur e 6 .  T h e e arl y p h as e is M Ni i n d e p e n d e nt, as it is p o w er e d
b y s h o c k c o oli n g. F or t h e S N II P / L  m o d els, t h e e xtr a h e ati n g
fr o m 5 6 Ni e xt e n ds t h e p h ot os p h eri c- p h as e d ur ati o n (K as e n  &
W o osl e y 2 0 0 9 ;  G ol d b er g et al. 2 0 1 9 ;  K o z yr e v a et al. 2 0 1 9 ), b ut

Fi g u r e 5. M E S A + S T E L L A ps e u d o b ol o m etri c li g ht- c ur v e  m o d els  wit h a si n gl e 5 6 Ni  m ass (M Ni = 0. 0 7 M e ), c ol or c o d e d b y t h e  H-ri c h e n v el o p e  m ass (M H e n v ) at t h e
c or e c oll a ps e.  Ar bitr ar y c uts i n M H e n v ar e a p pli e d t o dis pl a y e a c h S N II s u bt y p e i n e a c h p a n el.  Li g ht c ur v es  wit h t h e s a m e c ol or i n e a c h p a n el c o m e fr o m t h e s a m e
pr o g e nit or  m o d el e x pl o d e d  wit h diff er e nt e n er gi es (E e x p ); hi g h er E e x p r es ult i n bri g ht er, st e e p er, a n d s h ort er p h ot os p h eri c- p h as e li g ht c ur v es.  N ot e t h e c o nti n u o us
p o p ul ati o n of S N e II P – II L– s h ort- pl at e a u – II b i n d es c e n di n g or d er of M H e n v a n d t h e n arr o w M H e n v wi n d o w t h at r es ults i n s h ort- pl at e a u S N e.

3 2 T h e f ull li g ht- c ur v e  m o d el gri ds  wit h M Ni = 0. 0 4 M e (1, 3 0 1  m o d els ) a n d
0. 1 M e (1, 3 0 6  m o d els ) ar e s h o w n i n Fi g ur es A 1 a n d A 2 , r es p e cti v el y,
dis pl a yi n g a n S N II p o p ul ati o n tr e n d si mil ar t o t h at of t h e M Ni = 0. 0 7 M e gri d,
al b eit  wit h v ar yi n g pl at e a u d ur ati o n a n d t ail l u mi n osit y.
3 3 T h e g e n er al S N II p o p ul ati o n tr e n d is i n d e p e n d e nt of t h e p arti c ul ar c h oi c e of
m ass fr a cti o n p oi nt, i. e., X (H ) = 0. 1 a n d 0. 5 s h o w a si mil ar tr e n d, al b eit  wit h
diff er e nt M H e n v c uts.
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d o es n ot aff e ct t h e o v er all II P / L li g ht- c ur v e  m or p h ol o g y. F or
t h e s h ort- pl at e a u S N  m o d els, o n t h e ot h er h a n d, t h e pl at e a u
p h as e is d o mi n a ntl y p o w er e d b y 5 6 Ni h e ati n g (u nli k e t h os e of
t h e S N II P  m o d els, b ut r at h er si mil ar t o t h e s e c o n d p e a k of t h e
S N II b  m o d els ), a n d t h e li g ht c ur v es r es ult i n II L  m or p h ol o g y
wit h l o w er M Ni ( 0. 0 5 M e ).  T his s u g g ests t h e hi g h M Ni

pr ef er e n c e of s h ort- pl at e a u S N e.
Usi n g t h e  Bi n ar y P o p ul ati o n a n d S p e ctr al S y nt h esis  V ersi o n

2 (B P A S S v 2;  El dri d g e et al. 2 0 1 7 ) a n d t h e S u p er N o v a
E x pl osi o n  C o d e (S N E C ;  M or o z o v a et al. 2 0 1 5 ) wit h a si n gl e

=E 1 0e x p
5 1 er g a n d M Ni = 0. 0 5 M e ,  El dri d g e et al. (2 0 1 8 )

s h o w a si mil ar S N II p o p ul ati o n tr e n d  wit h r es p e ct t o t h e t ot al
pr o g e nit or h y dr o g e n  m ass (M H ) a n d n ot e t h e s m all p o p ul ati o n
of s h ort- pl at e a u S N e (∼ 4. 7 % of all S N e II ).  T h e y fi n d a l o w er
M H r a n g e f or S N e II L (0. 0 0 3 – 0. 7 M e ) t h a n s h ort- pl at e a u
(0. 3 – 2. 0 M e ), c o m p ar e d t o o ur  m o d el gri d of S N e II L
(1. 3 – 3. 1 M e ) a n d s h ort- pl at e a u (0. 4 5 – 1. 3 M e ).  B ut  w e d o n ot
c o nsi d er t his as a s eri o us c o n fl i ct as t h e s u bt y p e cl assifi c ati o ns

ar e a g ai n a m bi g u o us a n d als o s e nsiti v e t o ot h er p h ysi c al
p ar a m et ers (e. g., E e x p a n d M Ni as s h o w n i n Fi g ur es 5 a n d 6 ). A
m or e d et ail e d a n al ys es of o ur M E S A + S T E L L A m o d el gri d a n d
its c o m p aris o ns t o o bs er v e d S N II s a m pl es  will b e pr es e nt e d i n
a f ut ur e p u bli c ati o n (Hir a m ats u et al., i n pr e p. ). I n t his  w or k,
w e f o c us o n its a p pli c ati o n t o s h ort- pl at e a u S N e.

T h e s h ort- pl at e a u S N  m o d els c o m e fr o m  m assi v e pr o g e ni-
t ors (M Z A M S � 1 7. 5 M e ) wit h str o n g  wi n d  m ass l oss
(η wi n d � 1. 2 ) stri p pi n g si g ni fi c a nt a m o u nts of t h e  H-ri c h
e n v el o p e ( 9 M e ).  W e c a uti o n t h at t his c o ul d p arti all y b e
d u e t o a  m o d eli n g bi as as t h e  wi n d  m ass l oss is  m or e s e nsiti v e
t o t h e c h oi c e of η wi n d f or  m or e  m assi v e pr o g e nit ors.  B ut  w e
als o n ot e t h at 1 5. 0 M e pr o g e nit ors  wit hi n t h e s h ort- pl at e a u
M H e n v

r a n g e (m o d el e d  wit h η wi n d = 3. 4; n ot i n cl u d e d i n t h e gri d )
d o n ot r es ult i n s h ort- pl at e a u S N e, b ut II L, e v e n  wit h
M Ni = 0. 1 M e .  Wit h bi n ar y i nt er a cti o ns,  El dri d g e et al. (2 0 1 8 )
fi n d a  wi d er M Z A M S r a n g e (7 – 2 5 M e ) f or s h ort- pl at e a u
S N e.  T h us, it is us ef ul t o h a v e i n d e p e n d e nt  m e a ns of esti m ati n g

Fi g u r e 6. M E S A + S T E L L A ps e u d o b ol o m etri c li g ht- c ur v e  m o d els  wit h a si n gl e e x pl osi o n e n er g y ( =E 1 0e x p
5 1 er g ) fr o m a r e pr es e nt ati v e pr o g e nit or  m o d el of e a c h

S N II s u bt y p e, c ol or c o d e d b y t h e 5 6 Ni  m ass (M Ni ).  T h e i niti al s h o c k- c o oli n g p h as e is M Ni i n d e p e n d e nt,  w hil e t h e f oll o wi n g p h ot os p h eri c p h as e is M Ni d e p e n d e nt.
N ot e t h at i n t h e s h ort- pl at e a u M H e n v r a n g e, t h e li g ht c ur v es als o s p a n II L  m or p h ol o g y  wit h a l o w er M Ni ( 0. 0 5 M e ).

8

T h e  As t r o p h ysi c a l J o u r n a l, 9 1 3: 5 5 (2 1 p p ), 2 0 2 1  M a y 2 0 Hir a m ats u et al.



M Z A M S f or cr oss c h e c ki n g (e. g., dir e ct pr o g e nit or i d e nti fi c ati o n
a n d n e b ul ar s p e ctr a; s e e S e cti o n 4. 6 f or n e b ul ar s p e ctr al
a n al ysis ).

F or S N e 2 0 0 6 Y, 2 0 0 6 ai, a n d 2 0 1 6 e g z,  w e p erf or m χ 2 fi tti n g o n
t h e o bs er v e d ps e u d o b ol o m etri c li g ht c ur v es  wit h o ur  m o d el gri d.
I n Fi g ur e 7 ,  w e s h o w t h e r es ult a nt  m o d el- gri d l o g li k eli h o o d
distri b uti o ns of E e x p a n d t h e pr o g e nit or pr o p erti es at t h e c or e
c oll a ps e: M H e n v

, t ot al m ass (M t ot), a n d p h ot os p h eri c r a di us (R p h ),
al o n g  wit h t h e b est- fi t li g ht- c ur v e  m o d els a n d t h e  m a xi m u m
li k eli h o o d p ar a m et ers. T h e p ar a m et er c h oi c es ar e b as e d o n
S N e II P li g ht- c ur v e s c ali n g r el ati o ns (P o p o v 1 9 9 3 ;  K as e n  &
W o osl e y 2 0 0 9 ; S u k h b ol d et al. 2 0 1 6 ; G ol d b er g et al. 2 0 1 9 ). B ut
w e s plit t h e  m ass p ar a m et er i nt o t w o c o m p o n e nts: M H e n v

a n d M t ot

t o esti m at e  H e- c or e  m ass ( = -M M MH e t ot  Hc or e e n v
) a n d t h e n

t o tr a nsl at e M H e c or e
t o M Z A M S .  As  w e c o ntr ol  H-ri c h e n v el o p e

stri p pi n g b y ar bitr aril y v ar yi n g η wi n d , t h er e is n o o n e-t o- o n e
r el ati o ns hi p b et w e e n M t ot a n d M Z A M S .  T h us, M H e c or e

– M Z A M S

r el ati o n is  m or e r eli a bl e as it is l ess s e nsiti v e t o  H-ri c h e n v el o p e
stri p pi n g a n d  m et alli cit y f or M Z A M S  3 0 M e (W o osl e y  &
W e a v er 1 9 9 5 ;  W o osl e y et al. 2 0 0 2 ), alt h o u g h bi n ar y i nt er a cti o n
m a y alt er t h e r el ati o n (e. g.,  Z a p art as et al. 2 0 1 9 , 2 0 2 1 ).

O v er all, t h e o bs er v e d s h ort- pl at e a u li g ht c ur v es of
S N e 2 0 0 6 Y, 2 0 0 6 ai, a n d 2 0 1 6 e g z ar e r e as o n a bl y  w ell r e pr o-
d u c e d b y t h e  m o d els  wit h  M M1. 7H e n v

, M t ot ; 7. 1 – 8. 5 M e ,
R p h ; 4 8 0 – 5 8 0 R e , a n d E 0. 8e x p – 2. 0 × 1 0 5 1 er g.  W e als o
n ot e t h at t h er e e xists s o m e p ar a m et er d e g e n er a c y (D ess art  &
Hilli er 2 0 1 9 ; G ol d b er g et al. 2 0 1 9 ;  G ol d b er g  &  Bil dst e n 2 0 2 0 ).
Usi n g t h e M H e c or e

– M Z A M S r el ati o n fr o m t h e S u k h b ol d et al.
(2 0 1 6 ) m o d el gri d,  w e tr a nsl at e M 5. 4H e c or e

– 6. 9 M e t o
M Z A M S ; 1 8 – 2 2 M e .  T his s u g g ests p arti all y stri p p e d  m assi v e
pr o g e nit ors. Fi n all y,  w e n ot e t h at t h e o bs er v e d e arl y ( 1 0 d a ys )
e missi o n of S N e 2 0 0 6 Y, 2 0 0 6 ai, a n d 2 0 1 6 e g z ar e u n d er-
esti m at e d b y t h e  m o d els, i n di c ati n g t h e pr es e n c e of a n a d diti o n al
p o w er s o ur c e t o p ur e s h o c k- c o oli n g e missi o n fr o m t h e b ar e
st ell ar at m os p h er e.

4. 4. M E S A + S T E L L A C S M Li g ht- c ur v e  M o d eli n g

I n or d er t o a c c o u nt f or t h e e arl y e x c ess e missi o n,  w e pr o p os e
C S M i nt er a cti o n as a p ossi bl e p o w er s o ur c e, as s u g g est e d i n
S e cti o n 4. 2 .  At h a n d off t o S T E L L A , w e affi x a  wi n d d e nsit y
pr o fi l e  wit h ( ) r p=r M  r v4wi n d wi n d

2
wi n d ,  w h er e M wi n d i s a

c o nst a nt  wi n d  m ass-l oss r at e, a n d v wi n d is t h e  wi n d v el o cit y f or
ti m e twi n d (i. e., t h e  C S M  m ass, =M M tC S M  wi n d  wi n d ), o nt o t h e
s u bs et of M E S A e x pl osi o n  m o d els t h at r es ult i n s h ort- pl at e a u
S N e (4 0  m o d els e a c h  wit h M Ni = 0. 0 4, 0. 0 7, a n d 0. 1 M e ;
Fi g ur es 5 (c ), A 1 (c ) a n d A 2 (c )). I n a d diti o n t o t h e 4 0 0 s p ati al
z o n es f or t h e ori gi n al S N ej e ct a,  w e us e 2 0 0 s p ati al z o n es f or
t h e  C S M  m o d el i n S T E L L A .  W e c o nstr u ct a gri d of  C S M
m o d els b y v ar yi n g M wi n d (1 0 − 5 – 1 0 − 1 M e yr − 1 wit h 0. 5 d e x
i n cr e m e nts) a n d twi n d (1 0 a n d 3 0 yr ) f or e a c h M E S A s h ort-
pl at e a u S N  m o d el, ass u mi n g a t y pi c al  R S G v wi n d = 1 0 k m s − 1

(M ori y a et al. 2 0 1 1 ).  T h e s u bs et of t h e  C S M li g ht- c ur v e  m o d el
gri d is s h o w n i n Fi g ur e 8 w h er e t h e eff e ct of i n cr e asi n g  C S M
m ass o n t h e li g ht- c ur v e l u mi n osit y a n d s h a p e c a n b e s e e n.

I n Fi g ur e 9 ,  w e s h o w t h e  C S M  m o d el- gri d l o g li k eli h o o d
distri b uti o ns of M C S M a n d E e x p fr o m χ 2 fi tti n g o n S N e 2 0 0 6 Y,
2 0 0 6 ai, a n d 2 0 1 6 e g z.  T h e o bs er v e d e arl y e x c ess e missi o n as
w ell as t h e o v er all li g ht c ur v es of S N e 2 0 0 6 Y, 2 0 0 6 ai, a n d
2 0 1 6 e g z ar e r e as o n a bl y  w ell r e pr o d u c e d b y t h e  C S M
m o d els  wit h M C S M ; 0. 1 – 0. 3 M e (   

-M M1 0wi n d
2 yr − 1 wit h

twi n d = 1 0 yr f or S N 2 0 0 6 Y a n d 3 0 yr f or S N e 2 0 0 6 ai a n d
2 0 1 6 e g z ) a n d E 1. 0e x p – 1. 4 × 1 0 5 1 er g.  T his s u g g ests

e n h a n c e d  m ass l oss (a f e w or d ers of  m a g nit u d e gr e at er t h a n
t h e st a n d ar d c o nti n u o us 

~ - -M M1 0 yrwi n d
5 1 ) i n t h e l ast f e w

d e c a d es b ef or e t h e e x pl osi o n.  T h e i nf err e d E e x p ar e g e n er all y
l o w er t h a n t h os e fr o m t h e  C S M-fr e e fi ts (Fi g ur e 7 ) si n c e t h e
C S M i nt er a cti o n pr o vi d es a d diti o n al l u mi n osit y, es p e ci all y
ar o u n d t h e p e a k.  T h e a ct u al  C S M c o ul d b e e v e n d e ns er a n d
m or e c o n fi n e d f or S N e 2 0 0 6 Y, 2 0 0 6 ai, a n d 2 0 1 6 e g z b e c a us e
t h eir li g ht- c ur v e p e a ks ar e l o w er li mits.

4. 5.  P h ot os p h eri c S p e ctr a

As i n t h e  A n d ers o n et al. (2 0 1 4 ) s a m pl e li g ht- c ur v e a n al ysis,
G uti érr e z et al. (2 0 1 4 , 2 0 1 7 a , 2 0 1 7 b ) als o i n cl u d e S N e 2 0 0 6 Y
a n d 2 0 0 6 ai i n t h eir s a m pl e s p e ctr al a n al ysis a n d i d e ntif y t h eir
s p e ctr al p e c uli arit y, n a m el y, t h e s m all est  H α P  C y g ni
a bs or pti o n t o e missi o n r ati os (a / e ).  T h e y als o fi n d a c orr el ati o n
b et w e e n a / e a n d li g ht- c ur v e pl at e a u sl o p e (i. e., S N e II L h a v e
s h all o w er a bs or pti o n c o m p o n e nts t h a n S N e II P ). S e v er al
p ossi bl e e x pl a n ati o ns f or t h e s m all er a / e f or S N e II L h a v e
b e e n pr o p os e d, e. g., l o w er M H e n v

(S c hl e g el 1 9 9 6 ;  G uti érr e z
et al. 2 0 1 4 , 2 0 1 7 b ) a n d st e e p er e n v el o p e d e nsit y gr a di e nts
(D ess art  &  Hilli er 2 0 0 5 ;  D ess art et al. 2 0 1 3 ;  G uti érr e z et al.
2 0 1 4 ). I n Fi g ur e 1 0 ,  w e s h o w t h e  Hα P  C y g ni pr o fi l e
c o m p aris o n of S N e 2 0 0 6 Y, 2 0 0 6 ai, a n d 2 0 1 6 e g z  wit h S N e II L
a n d II P. S N 2 0 1 6 e g z dis pl a ys a  H α P  C y g ni pr o fi l e si mil ar t o
t h at of S N e 2 0 0 6 Y a n d 2 0 0 6 ai  wit h a s h all o w er a bs or pti o n
f e at ur e t h a n S N e II L a n d II P.  T his s u p p orts l o w er M H e n v

a s a
p ossi bl e c a us e of s m all er a / e si n c e s h ort- pl at e a u S N e  wit h
l o w er M H e n v

r es ult i n s m all er a / e t h a n S N e II P a n d II L, as s e e n
i n o ur M E S A + S T E L L A li g ht- c ur v e  m o d el gri d (Fi g ur e 5 ).

F or S N e 2 0 0 6 Y, 2 0 0 6 ai, a n d 2 0 1 6 e g z,  w e  m e as ur e e x p a n-
si o n v el o citi es of F e II λ 5 1 6 9 fr o m t h e a bs or pti o n  mi ni m u m b y
fi tti n g a P  C y g ni pr ofi l e. I n Fi g ur e 1 1 ,  w e s h o w t h e v el o cit y
c o m p aris o n of S N e 2 0 0 6 Y, 2 0 0 6 ai, a n d 2 0 1 6 e g z  wit h t h e
M E S A + S T E L L A s h ort- pl at e a u S N  m o d els  wit h M Ni = 0. 0 7 M e

(Fi g ur e 5 (c )),3 4 as  w ell as t h e  m e a n v el o cit y e v ol uti o n fr o m t h e
G uti érr e z et al. (2 0 1 7 a ) S N II s a m pl e.  T h e o v er all v el o cit y
e v ol uti o n is b ett er r e pr o d u c e d  wit h t h e hi g h er M H e n v

( 1. 7 M e )
m o d els.  T his is i n a gr e e m e nt  wit h t h e v al u es i nf err e d fr o m t h e
li g ht- c ur v e fi tti n g (Fi g ur e 7 ).  T h e F e II λ 5 1 6 9 v el o citi es of
S N e 2 0 0 6 Y, 2 0 0 6 ai, a n d 2 0 1 6 e g z ar e g e n er all y hi g h er t h a n t h e
G uti érr e z et al. (2 0 1 7 a ) m e a n v el o cit y e v ol uti o n, b ut still  wit hi n
1 σ d e vi ati o n.  T h us, u nli k e t h eir li g ht c ur v es, t h eir v el o citi es d o
n ot a p p e ar t o b e o utli ers.

H o w e v er, it is  w ort h n oti n g t h at t h e v el o cit y of S N 2 0 1 6 e g z
is l o w er t h a n t h os e of S N e 2 0 0 6 Y a n d 2 0 0 6 ai, d es pit e it
e x hi biti n g a  m or e l u mi n o us li g ht c ur v e (Fi g ur e 4 ).  T his is i n
dis a gr e e m e nt  wit h t h e S N II P l u mi n osit y – v el o cit y c orr el ati o n
( µL vP P

2 ) fr o m t h e h o m ol o g o usl y e x p a n di n g p h ot os p h er e s et
b y  H-r e c o m bi n ati o n (H a m u y  & Pi nt o 2 0 0 2 ;  K as e n  &
W o osl e y 2 0 0 9 ;  G ol d b er g et al. 2 0 1 9 ).  B y c o m p ari n g t h e li g ht
c ur v es (Fi g ur e 5 (c )) a n d v el o citi es (Fi g ur e 1 1 ) of s h ort- pl at e a u
S N  m o d els,  w e d o n ot s e e a n o b vi o us L P – v P c orr el ati o n (e. g.,
s o m e of t h e hi g h est a n d l o w est M H e n v

m o d els h a v e si mil ar L P ,
b ut t h e hi g h est M H e n v

m o d els h a v e s yst e m ati c all y l o w er v P ).
T his s u g g ests t h at t h e s h ort- pl at e a u li g ht c ur v es ar e n ot p ur el y
p o w er e d b y s h o c k e n er g y r el e as e d at t h e  H-r e c o m bi n ati o n
fr o nt; 5 6 Ni h e ati n g is als o i m p ort a nt i n s h a pi n g t h eir li g ht
c ur v es (m or e s o t h a n i n t y pi c al S N II P li g ht c ur v es ).  T his is i n

3 4
T h e s h ort- pl at e a u S N  m o d els  wit h M Ni = 0. 0 4 a n d 0. 1 M e ar e s h o w n i n

Fi g ur e A 3 , dis pl a yi n g a v el o cit y e v ol uti o n si mil ar t o t h at of t h e M Ni = 0. 0 7 M e

m o d els, al b eit  wit h v ar yi n g l at e-ti m e e v ol uti o n.
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a gr e e m e nt  wit h t h e li g ht- c ur v e a n al ysis  wit h v ar yi n g M Ni

(Fi g ur e 6 (c )).
Fi n all y,  w e n ot e t h at b ot h li n e s h a p e a n d v el o cit y c o ul d als o

b e aff e ct e d b y t h e e xtr a e missi o n fr o m p ersist e nt  C S M
i nt er a cti o n (e. g.,  M ori y a et al. 2 0 1 1 , 2 0 1 8 ;  D ess art et al. 2 0 1 6 a ;

Hilli er  &  D ess art 2 0 1 9 ), e v e n t h o u g h hi g h- v el o cit y  Hα
a bs or pti o n f e at ur es ar e a bs e nt (C h u g ai et al. 2 0 0 7 ).  T h us, t h e
q u alit ati v e a n al ys es, p arti all y b as e d o n t h e li g ht- c ur v e  m o d el-
i n g, i n t his s e cti o n  m erit f ut ur e s p e ctr al  m o d eli n g of s h ort-
pl at e a u S N e  wit h a n d  wit h o ut  C S M i nt er a cti o n.

Fi g u r e 7. M o d el- gri d l o g li k eli h o o d distri b uti o ns of t h e e x pl osi o n e n er g y (E e x p ) a n d t h e pr o g e nit or pr o p erti es at t h e c or e c oll a ps e:  H-ri c h e n v el o p e  m ass (M H e n v ), t ot al
m ass (M t ot), a n d p h ot os p h eri c r a di us (R p h ), al o n g  wit h t h e 2 0 b est-fi t li g ht- c ur v e  m o d els a n d t h e  m a xi m u m li k eli h o o d p ar a m et ers. I n t h e 2 D c orr el ati o n pl ots, t h e
bri g ht er y ell o w r e gi o ns c orr es p o n d t o t h e hi g h er c orr el ati o ns,  w hil e t h e bl a n k s p a c e c orr es p o n ds t o t h e p ar a m et er s p a c e t h at is n ot c o v er e d b y t h e  m o d el gri d.  T h e
M Ni = 0. 0 7 M e gri d is us e d t o fi t S N e 2 0 0 6 Y a n d 2 0 0 6 ai,  w hil e t h e M Ni = 0. 1 M e gri d is us e d t o fi t S N 2 0 1 6 e g z.  T h e o v er all li g ht- c ur v e  m or p h ol o g y is r e as o n a bl y
w ell r e pr o d u c e d, e x c e pt t h e e arl y ( 1 0 d a ys ) e x c ess e missi o n,  w hi c h  w e attri b ut e t o  C S M i nt er a cti o n (Fi g ur es 8 a n d 9 ).  N ot e t h e i nf err e d s m all M H e n v a n d hi g h  H e-
c or e  m ass es ( = -M M MH e t ot  Hc or e e n v ) of 5. 4 – 6. 9 M e f or S N e 2 0 0 6 Y, 2 0 0 6 ai, a n d 2 0 1 6 e g z.
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4. 6.  N e b ul ar S p e ctr a

W hil e t h er e ar e n o l at e-ti m e (> 1 0 0 d a ys ) s p e ctr a a v ail a bl e
f or S N e 2 0 0 6 Y a n d 2 0 0 6 ai,  w e o bt ai n e d t w o n e b ul ar- p h as e
(> 2 0 0 d a ys ) s p e ctr a f or S N 2 0 1 6 e g z (Fi g ur e 2 ).  W e si m ult a-
n e o usl y fi t a  G a ussi a n pr ofi l e t o t h e br o a d S N  Hα (e x cl u di n g
t h e n arr o w h ost  Hα r e gi o n) a n d a d o u bl e- G a ussi a n pr o fi l e t o
[O I] λ λ 6 3 0 0, 6 3 6 4 ass u mi n g a d o u bl et fl u x r ati o of 3: 1 (as n ot
r es ol v e d) a n d si n gl e F W H M v el o cit y.  D u e t o t h e l o w si g n al-t o-
n ois e r ati o (S / N ) a n d fri n gi n g,  w e ar e u n a bl e t o  m e as ur e [C a II]
λ λ 7 2 9 1, 7 3 2 3 fl u x es. I nst e a d,  w e i nj e ct a d o u bl e- G a ussi a n
pr o fi l e at t h e [C a II] r est  w a v el e n gt hs b y ass u mi n g a d o u bl et
fl u x r ati o of 1: 1 a n d t h e s a m e si n gl e F W H M v el o cit y as t h e
[O I] d o u bl et at e a c h e p o c h t o pl a c e a 3 σ fl u x u p p er li mit.  T h e
m e as ur e d n e b ul ar li n e fl u x es a n d F W H M v el o citi es ar e
s u m m ari z e d i n  T a bl es 3 a n d 4 .

It is k n o w n t h at [O I] a n d its r ati o t o [C a II] ar e i ns e nsiti v e
r es p e cti v el y t o t h e S N e x pl osi v e n u cl e os y nt h esis a n d t h e S N
ej e ct a d e nsit y a n d t e m p er at ur e, s o c a n b e us e d as a pr o x y f or
pr o g e nit or  O- c or e  m ass, a n d s o  Z A M S  m ass (e. g., Fr a nss o n  &
C h e v ali er 1 9 8 9 ;  W o osl e y  &  W e a v er 1 9 9 5 ;  W o osl e y et al.
2 0 0 2 ;  El m h a m di et al. 2 0 0 4 ;  M a e d a et al. 2 0 0 7 ;  D ess art  &
Hilli er 2 0 1 1 , 2 0 2 0 ; J er kstr a n d et al. 2 0 1 2 , 2 0 1 4 , 2 0 1 5 ; F a n g  &
M a e d a 2 0 1 8 ; F a n g et al. 2 0 1 9 ).  Als o, si n c e  Hα a n d [N II] ar e
d o mi n a ntl y e mitt e d r es p e cti v el y fr o m t h e  H- a n d  H e-ri c h
e n v el o p es, (H α , [N II])/ [O I] c a n b e us e d as a pr o x y f or  H / H e-
ri c h e n v el o p e stri p pi n g (J er kstr a n d et al. 2 0 1 5 ; F a n g et al.
2 0 1 9 ;  D ess art  &  Hilli er 2 0 2 0 ).

H o w e v er, t h er e ar e a f e w c a v e ats t o n ot e es p e ci all y f or
stri p p e d- e n v el o p e S N e (S E S N e: II b, I b, a n d I c i n d es c e n di n g
or d er of  H / H e-ri c h e n v el o p e  m ass ). [N II]/ [O I] c o ul d b e
aff e ct e d b y t h e pr o g e nit or  H e b ur ni n g d u e t o  m or e  H e / N-l a y er
b ur ni n g i n  m or e  m assi v e st ars (J er kstr a n d et al. 2 0 1 5 ; F a n g et al.
2 0 1 9 ).  Als o, [C a II]/ [O I] c o ul d b e aff e ct e d b y t h e e x pl osi o n
e n er g y d u e t o  m or e e missi o n fr o m t h e s y nt h esi z e d c al ci u m t h a n
pri m or di al c al ci u m i n t h e  H-ri c h e n v el o p e (Li  &  M c Cr a y 1 9 9 3 ;
M a g uir e et al. 2 0 1 2 ; J er kstr a n d et al. 2 0 1 5 ; J er kstr a n d 2 0 1 7 ). I n
pri n ci pl e, t h e pr o g e nit or c o n v e cti v e  mi xi n g a n d S N e x pl osi v e

5 6 Ni  mi xi n g c o ul d als o alt er t h es e li n e r ati os f or  C C S N e i n
g e n er al (J er kstr a n d 2 0 1 7 ;  D ess art  &  Hilli er 2 0 2 0 ). B e c a us e of
t h es e p ossi bl e s yst e m ati c eff e cts, t h e dir e ct a n d q u a ntit ati v e
c o m p aris o n of t h e n at ur e of t h e pr o g e nit ors b et w e e n diff er e nt
s u b cl ass es (e. g., S N e II v ers us S E S N e ) will r e q uir e d et ail e d
s p e ctr al  m o d eli n g.  N e v ert h el ess, t h es e li n e r ati os s h o ul d pr o vi d e
r o u g h  C C S N pr o g e nit or esti m at es.

I n Fi g ur e 1 2 ,  w e s h o w t h e c o m p aris o n of t h e n e b ul ar li n e
r ati os of S N 2 0 1 6 e g z  wit h a c o m bi n e d  C C S N s a m pl e fr o m
K u n c ar a y a kti et al. (2 0 1 5 ), F a n g et al. (2 0 1 9 ), a n d  G uti érr e z
et al. (2 0 2 0 ), a n d a d diti o n al S N II  m e as ur e m e nts fr o m t his
w or k. 3 5 T h e g e n er al i n cr e asi n g a n d d e cr e asi n g tr e n ds,
r es p e cti v el y, i n t h e pr o g e nit or  O- c or e  m ass a n d  H/ H e-ri c h
e n v el o p e stri p pi n g c a n b e s e e n i n t h e s e q u e n c e of S N e II – II b–
I b– I c– I c B L. F or a gi v e n  C C S N, [C a II]/ [O I] is r el ati v el y
c o nst a nt o v er ∼ 1 5 0 – 4 0 0 d a ys aft er t h e e x pl osi o n (El m h a m di
et al. 2 0 0 4 ;  M a g uir e et al. 2 0 1 2 ;  K u n c ar a y a kti et al. 2 0 1 5 ; F a n g
et al. 2 0 1 9 ),  w hil e (H α , [N II])/ [O I] d e cr e as es  wit h ti m e
(M a g uir e et al. 2 0 1 2 ; F a n g et al. 2 0 1 9 ). Si n c e t h e  m e a n p h as es
of t h e S N II a n d S E S N s a m pl es ar e 3 3 0 d a ys a n d 2 1 5 d a ys,
r es p e cti v el y,  w e e x p e ct t o s e e  m or e s e p ar ati o n i n t h e (H α ,
[N II])/ [O I] s p a c e if t h e y h a d b e e n all t a k e n at t h e s a m e e p o c h.

F a n g et al. (2 0 1 9 ) di vi d e t h e S N II b s a m pl e i nt o e xt e n d e d
(eII b ) a n d c o m p a ct (cII b ) H-ri c h e n v el o p e cl ass es b as e d o n
t h eir li g ht- c ur v e  m or p h ol o g y.  C h e v ali er  & S o d er b er g (2 0 1 0 )
s u g g est M M0. 1H e n v

f or S N e eII b, a n d ot h er wis e f or S N e
cII b.  Gi v e n t h e M H e n v

r a n g e, S N e eII b t y pi c all y r es ult i n a
d o u bl e- p e a k li g ht c ur v e (Fi g ur e 5 (d )) w h er e t h e fi rst a n d
s e c o n d p e a ks ar e p o w er e d b y s h o c k- c o oli n g e n v el o p e a n d
r a di o a cti v e d e c a y, r es p e cti v el y.  C o m p ar e d t o t h e ot h er S E S N
t y p es, F a n g  &  M a e d a (2 0 1 8 ) a n d F a n g et al. (2 0 1 9 ) i d e ntif y
e x c ess e missi o n ar o u n d [N II] f or S N e eII b a n d attri b ut e it t o
H α fr o m t h e r esi d u al e n v el o p e.

W e n ot e t h at S N 2 0 1 6 e g z as  w ell as S N e 2 0 1 5 bs a n d
2 0 1 7i v v li e i n a s o m e w h at tr a nsiti o n al r e gi o n b et w e e n S N e II
a n d eII b – I b (Fi g ur e 1 2 ). F or S N II 2 0 1 5 bs,  A n d ers o n et al.
(2 0 1 8 ) i nf er a hi g h pr o g e nit or M Z A M S of 1 7 – 2 5 M e b as e d o n
t h e n e b ul ar li n e fl u x es a n d v el o citi es.  D ess art  &  Hilli er (2 0 2 0 )
als o s u g g est a hi g h M H e c or e

a n d l o w M H e n v
t o b ett er  m at c h t h e

br o a d n e b ul ar li n e pr o fi l es (v H α , F W H M ; 4 2 0 0 k m s − 1 ; s e e als o
D ess art et al. 2 0 1 0 ). F or S N 2 0 1 7i v v,  G uti érr e z et al. (2 0 2 0 )
esti m at e a M Z A M S of 1 5 – 1 7 M e a n d n ot e t h e tr a nsiti o n al
c h ar a ct eristi cs fr o m S N II t o II b b y a n al y zi n g t h e t e m p or al
e v ol uti o n of t h e n e b ul ar li n e r ati os. F oll o wi n g t his li n e of
r e as o ni n g, t h e n e b ul ar li n e r ati os (a n d u p p er li mits ) a n d
v el o citi es of S N 2 0 1 6 e g z li k el y s u g g est a si mil ar p arti all y
stri p p e d  m assi v e pr o g e nit or.  T his a gr e es  wit h t h e i nf err e d
p ar a m et ers fr o m t h e li g ht- c ur v e a n al ysis.

I n or d er t o b e  m or e q u a ntit ati v e,  w e c o m p ar e t h e n e b ul ar
s p e ctr a of S N 2 0 1 6 e g z  wit h t h e S N e II a n d II b  m o d els of
J er kstr a n d et al. (2 0 1 4 , 2 0 1 5 ), r es p e cti v el y, i n Fi g ur e 1 3 w h er e
[O I] fl u x es c a n b e us e d t o esti m at e t h e pr o g e nit or M Z A M S . W e
s c al e t h e  m o d el s p e ctr a b y t h e o bs er v e d dist a n c e, 5 6 Ni  m ass,
a n d p h as e of t h e S N 2 0 1 6 e g z n e b ul ar s p e ctr a a c c or di n g t o
E q u ati o n (2 ) of  B ostr o e m et al. (2 0 1 9 ).  T h e n,  w e a d d t h e
o bs er v e d h ost g al a x y s p e ctr u m t o t h e  m o d el s p e ctr a t o a c c o u nt
f or t h e h ost c o nt a mi n ati o n.  T h e br o a d S N  Hα (e x cl u di n g t h e
n arr o w h ost c o m p o n e nt ) fl u x es ar e i n b et w e e n t h os e of t h e S N e
II a n d II b  m o d els, i n di c ati n g a s m all M H e n v

.  T h e  m o d el [O I]

Fi g u r e 8. S u bs et of M E S A + S T E L L A ps e u d o b ol o m etri c  C S M li g ht- c ur v e
m o d els  wit h t h e si n gl e  wi n d v el o cit y (v wi n d ) a n d t w o diff er e nt  m ass-l oss
d ur ati o n (twi n d ), c ol or c o d e d b y t h e  C S M  m ass ( =M M tC S M  wi n d  wi n d ).  Li g ht
c ur v es  wit h t h e s a m e c ol or c o m e fr o m diff er e nt c o m bi n ati o ns of M wi n d a n d twi n d

t h at r es ult i n t h e s a m e M C S M ; hi g h er M wi n d a n d l o w er twi n d r es ult i n s h ar p er
li g ht- c ur v e p e a ks.  N ot e t h e eff e ct of  C S M i nt er a cti o n o n b ot h t h e l u mi n osit y
a n d s h a p e.

3 5
B y f oll o wi n g t h e s a m e pr o c e d ur e as t h e S N 2 0 1 6 e g z  m e as ur e m e nts, e x c e pt

f or [C a II] w h er e  w e fi t a d o u bl e- G a ussi a n pr ofi l e  wit h a si n gl e F W H M
v el o cit y.
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li n es st art t o s at ur at e a b o v e 1 9 M e ar o u n d 3 0 0 d a ys (J er kstr a n d
et al. 2 0 1 4 ),  m a ki n g t h e 1 9 a n d 2 5 M e m o d els al m ost
i n disti n g uis h a bl e.  T h us,  w e p ut a c o ns er v ati v e M Z A M S

c o nstr ai nt of 1 7 – 2 5 M e b as e d o n t h e o bs er v e d [O I] fl u x es.
T his is c o nsist e nt  wit h t h e e x p e ct e d M Z A M S  1 7. 5 M e fr o m
t h e li g ht- c ur v e a n al ysis.  O n e c a v e at t o n ot e is t h at t h er e is n o
m e as ur a bl e [O I] λ 5 5 7 7 i n t h e o bs er v e d s p e ctr a d u e t o t h e
si g ni fi c a nt h ost c o nt a mi n ati o n, pr e v e nti n g us fr o m c o nstr ai ni n g
t h e t e m p er at ur e a n d dir e ctl y esti m at e t h e  O- c or e  m ass
(J er kstr a n d et al. 2 0 1 4 , 2 0 1 5 ; J er kstr a n d 2 0 1 7 ).

5.  Dis c ussi o n

5. 1.  F or m ati o n  C h a n n el

T h e s h ort- pl at e a u S N e 2 0 0 6 Y, 2 0 0 6 ai, a n d 2 0 1 6 e g z  m ost
li k el y c o m e fr o m p arti all y stri p p e d  m assi v e pr o g e nit ors,3 6 b ut a
r e m ai ni n g q u esti o n is t h eir e x a ct f or m ati o n c h a n n el. If it is
si n gl e-st ar e v ol uti o n as ass u m e d i n t his  w or k, t h e  m ai n
t h e or eti c al u n c ert ai nti es ar e  R S G  wi n d  m ass-l oss r at es a n d

Fi g u r e 9. Si mil ar t o Fi g ur e 7 , b ut  wit h t h e  C S M  m o d els.  T h e e arl y ( 1 0 d a ys ) e x c ess e missi o n ar e r e as o n a bl y  w ell r e pr o d u c e d.  N ot e t h e i nf err e d s m all er E e x p

c o m p ar e d t o t h e  C S M-fr e e fi ts i n g e n er al, a n d t h e l ar g e M C S M t h at s u g g est vi ol e nt  m ass l oss i n t h e l ast f e w d e c a d es b ef or e t h e e x pl osi o n (a ct u al M C S M c o ul d b e e v e n
hi g h er as t h e li g ht- c ur v e p e a ks ar e l o w er li mits ).

3 6
T h e l a c k of n e b ul ar s p e ctr a f or S N e 2 0 0 6 Y a n d 2 0 0 6 ai r e m ai ns a c a v e at.
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st ell ar r ot ati o n (e. g.,  Hirs c hi et al. 2 0 0 4 ;  G e or g y 2 0 1 2 ;  C hi effi
&  Li m o n gi 2 0 1 3 ;  M e y n et et al. 2 0 1 5 ;  R e n z o et al. 2 0 1 7 ). W e
ass u m e n o r ot ati o n a n d t w e a k t h e  wi n d ef fi ci e n c y b y h a n d, b ut
it is d e b at a bl e  w h et h er s u c h hi g h  m ass-l oss r at es ar e p h ysi c all y
pl a usi bl e.  O bs er v ati o n all y, t h er e is i n d e e d a  wi d e r a n g e of
m e as ur e d  R S G  wi n d  m ass-l oss r at es (e. g., d e J a g er et al. 1 9 8 8 ;
v a n  L o o n et al. 2 0 0 5 ;  M a ur o n  & J oss eli n 2 0 1 1 ;  G ol d m a n et al.
2 0 1 7 ;  B e as or et al. 2 0 2 0 ). I n a d diti o n, r e c e nt o bs er v ati o n al a n d
t h e or eti c al st u di es o n  R S Gs a n d S N e II i n di c at e t h at  R S G  wi n d
m ass-l oss r at es  m a y b e i n d e p e n d e nt fr o m  m et alli cit y (G ol d m a n
et al. 2 0 1 7 ;  C h u n et al. 2 0 1 8 ;  G uti érr e z et al. 2 0 1 8 ).  T h us, it
c o ul d b e p ossi bl e t h at t h e s h ort- pl at e a u S N e 2 0 0 6 Y, 2 0 0 6 ai,
a n d 2 0 1 6 e g z ori gi n at e fr o m si n gl e-st ar e v ol uti o n.  H o w e v er, it
is u nli k el y t h e c as e if  R S G  m ass-l oss r at es ar e  m et alli cit y
d e p e n d e nt (as i n t h e  m ai n-s e q u e n c e  O / B st ars; e. g.,  Vi n k et al.
2 0 0 0 , 2 0 0 1 ;  M o ki e m et al. 2 0 0 7 ), gi v e n t h e esti m at e d s u bs ol ar
h ost  m et alli citi es (T a bl e 2 ). I n s u c h a c as e, i nt er a cti n g bi n ar y
e v ol uti o n is  m or e pl a usi bl e, as  El dri d g e et al. (2 0 1 7 , 2 0 1 8 )
i n d e e d s h o w s o m e i nt er a cti n g bi n ar y pr o d u cts als o r es ult i n
s h ort- pl at e a u S N e. It is als o i m p ort a nt t o n ot e t h at a n y  m ass-

Fi g u r e 1 0. C o m p aris o n of t h e  H α P  C y g ni pr o fi l es of s h ort- pl at e a u (S P )
S N e 2 0 0 6 Y, 2 0 0 6 ai a n d 2 0 1 6 e g z  wit h t h e S N II L 2 0 0 8 a w a n d t h e S N II P
2 0 0 8 b k ar o u n d 5 0 d a ys aft er e x pl osi o n (G uti érr e z et al. 2 0 1 4 , 2 0 1 7 a ), r etri e v e d
vi a t h e  O p e n S u p er n o v a  C at al o g.  T h e gr a y s h a d e d r e gi o ns r e pr es e nt h ost
g al a x y c o nt a mi n ati o n.  E a c h s p e ctr u m is n or m ali z e d b y its br o a d S N  H α p e a k.
N ot e t h at t h e  H α P  C y g ni a bs or pti o n t o e missi o n r ati os of S N e 2 0 0 6 Y, 2 0 0 6 ai
a n d 2 0 1 6 e g z ar e s m all er t h a n t h os e of t h e S N II P 2 0 0 8 b k a n d e v e n t h e S N II L
2 0 0 8 a w.

Fi g u r e 1 1. C o m p aris o n of F e II λ 5 1 6 9 v el o citi es of S N e 2 0 0 6 Y, 2 0 0 6 ai, a n d
2 0 1 6 e g z  wit h t h e  G uti érr e z et al. (2 0 1 7 a ,  G 1 7) m e a n v el o cit y e v ol uti o n (bl a c k
li n e a n d gr a y s h a d e d r e gi o n) a n d M E S A + S T E L L A s h ort- pl at e a u S N  m o d els
wit h M Ni = 0. 0 7 M e (d e fi n e d b y t h e S o b ol e v o pti c al d e pt h τ S o b = 1 ), c ol or
c o d e d b y M H e n v a s i n Fi g ur e 5 (c ).  Err or b ars d e n ot e 1σ u n c ert ai nti es a n d ar e
s o m eti m es s m all er t h a n t h e  m ar k er si z e.  V el o cit y  m o d els  wit h t h e s a m e c ol or
c o m e fr o m t h e s a m e pr o g e nit or  m o d el e x pl o d e d  wit h diff er e nt e n er gi es; hi g h er
e x pl osi o n e n er gi es r es ult i n f ast er v el o citi es.  N ot e t h e b ett er a gr e e m e nts  wit h
t h e hi g h er M H e n v m o d els f or S N e 2 0 0 6 Y, 2 0 0 6 ai, a n d 2 0 1 6 e g z.

T a bl e 3
S N 2 0 1 6 e g z  N e b ul ar  Li n e Fl u x es (1 0 − 1 5 er g s − 1 c m − 2 )

D a ys [O I] λ λ 6 3 0 0, 6 3 6 4  H α [C a II] λ λ 7 2 9 1, 7 3 2 3

2 7 8. 7 2. 1 ± 0. 4 2. 6 ± 0. 3 � 2. 9

3 0 9. 9 2. 0 ± 0. 3 1. 8 ± 0. 2 � 2. 4

T a bl e 4
S N 2 0 1 6 e g z  N e b ul ar F W H M  V el o citi es (1 0 3 k m s − 1 )

D a ys [O I] λ λ 6 3 0 0, 6 3 6 4  H α [C a II] λ λ 7 2 9 1, 7 3 2 3

2 7 8. 7 3. 7 ± 0. 6 4. 0 ± 0. 5 L

3 0 9. 9 3. 4 ± 0. 4 3. 0 ± 0. 4 L

Fi g u r e 1 2. C o m p aris o n of t h e n e b ul ar li n e r ati os of S N 2 0 1 6 e g z (T a bl e 3 ) wit h
a  C C S N s a m pl e, c ol or c o d e d b y t h e p h as e. [C a II]/ [O I] a n d (H α , [N II])/ [O I]
ar e pr o xi es f or pr o g e nit or  O- c or e  m ass a n d  H / H e-ri c h e n v el o p e stri p pi n g,
r es p e cti v el y.  T h e v erti c al gr a y d as h e d li n e (= 1. 4 3 ) is a r o u g h di visi o n b et w e e n
S N e II a n d S E S N e a d o pt e d i n  G uti érr e z et al. (2 0 2 0 ), a n d t h e h ori z o nt al gr a y
d as h e d li n e (= 0. 7 1 ) is t h e hi g h est v al u e (+ 1 σ err or ) i n t h e S E S N s a m pl e of
F a n g et al. (2 0 1 9 ).  N ot e t h e si mil ar tr a nsiti o n al n at ur e of S N 2 0 1 6 e g z t o
S N e II 2 0 1 5 bs a n d 2 0 1 7i v v i n b et w e e n S N e II a n d S E S N e (gr a y s h a d e d
r e gi o n). Fi g ur e a d a pt e d fr o m  K u n c ar a y a kti et al. (2 0 1 5 ), F a n g et al. (2 0 1 9 ), a n d
G uti érr e z et al. (2 0 2 0 ), a n d e x p a n d e d t o i n cl u d e a d diti o n al  m e as ur e m e nts fr o m
t his  w or k o n t h e  K u n c ar a y a kti et al. (2 0 1 5 ) S N II s a m pl e a n d S N e II 1 9 9 0 E,
1 9 9 3 K, 2 0 1 2 A (Sil v er m a n et al. 2 0 1 7 ), 1 9 9 0 K (C a p p ell ar o et al. 1 9 9 5 ), 1 9 9 4 N
(P ast or ell o et al. 2 0 0 4 ), 2 0 0 2 h h (F ar a n et al. 2 0 1 4 ), 2 0 0 3 B, 2 0 0 8 b k (G uti érr e z
et al. 2 0 1 7 a ), 2 0 0 5 cs (P ast or ell o et al. 2 0 0 9 ), 2 0 1 2 a w (J er kstr a n d et al. 2 0 1 4 ),
2 0 1 3 ej (Sil v er m a n et al. 2 0 1 2 ), 2 0 1 5 bs (A n d ers o n et al. 2 0 1 8 ), a n d 2 0 1 6 b k v
(H oss ei n z a d e h et al. 2 0 1 8 ), r etri e v e d vi a t h e  O p e n S u p er n o v a  C at al o g a n d
WI S e R E P.
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l oss  m o d els n e e d t o r e pr o d u c e t h e o bs er v e d p o p ul ati o ns of n ot
o nl y S N e II b ut als o  R S Gs. F or e x a m pl e,  N e u g e nt et al. (2 0 2 0 )
r e c e ntl y s h o w t h at t h e l u mi n osit y f u n cti o n of  R S Gs c a n b e us e d
t o c o nstr ai n t h eir  m ass-l oss r at es. F ut ur e st atisti c al st u di es  wit h
b ot h  R S G a n d S N II p o p ul ati o ns at v ari o us  m et alli citi es ar e
r e q uir e d t o disti n g uis h t h e f or m ati o n c h a n n els of s h ort-
pl at e a u S N e.

Asi d e fr o m t h e c o nti n u o us  m ass l oss, t h e ori gi n of t h e
c o n fi n e d d e ns e  C S M is n ot  w ell u n d erst o o d. I n t h e si n gl e-st ar
s c e n ari o, a n u m b er of p ossi bl e  m e c h a nis ms h a v e b e e n
pr o p os e d, i n cl u di n g p uls ati o n- dri v e n s u p er wi n ds (H e g er et al.
1 9 9 7 ;  Y o o n  &  C a nti ell o 2 0 1 0 ), e xt e n d e d st ell ar e n v el o p es
(D ess art et al. 2 0 1 7 ; S o k er 2 0 2 1 ), a n d i nt er n al gr a vit y  w a v es
(Q u at a ert  & S hi o d e 2 0 1 2 ; S hi o d e  &  Q u at a ert 2 0 1 4 ;  Q u at a ert
et al. 2 0 1 6 ; F ull er 2 0 1 7 ;  L e u n g  & F ull er 2 0 2 0 ;  M or o z o v a et al.
2 0 2 0 ;  W u  & F ull er 2 0 2 1 ).  Alt h o u g h t h e e x p e ct e d M Z A M S r a n g e
(1 9 – 2 5 M e ),  w h er e p uls ati o n- dri v e n s u p er wi n ds c o ul d si g nifi -
c a ntl y alt er  m ass l oss,  m at c h es  wit h o ur i nf err e d M Z A M S r a n g e
f or S N e 2 0 0 6 Y, 2 0 0 6 ai, a n d 2 0 1 6 e g z, t h e e x p e ct e d  m a xi m u m
m ass-l oss r at e of  1 0 − 3 M e yr − 1 ar o u n d 1 0 4 – 1 0 6 yr b ef or e t h e
c or e c oll a ps e  m a y n ot r es ult i n c o n fi n e d  C S M.  Als o, as t h e
e x p e ct e d ti m es c al e of d o mi n a nt  C S M e missi o n fr o m a n
e xt e n d e d e n v el o p e (u p t o a b o ut 1 0 – 1 0 0 st ell ar r a dii ) is o nl y
o v er a f e w d a ys aft er e x pl osi o n,  w h et h er it c a n r e pr o d u c e t h e
∼ 1 0 d e x c ess e missi o n s e e n i n S N e 2 0 0 6 Y, 2 0 0 6 ai, a n d
2 0 1 6 e g z is q u esti o n a bl e. I n t h e bi n ar y s c e n ari o, t h e c o n fi n e d
d e ns e  C S M  m a y b e e x p e ct e d fr o m a  wi n d c ollisi o n i nt erf a c e
f or m e d b et w e e n e a c h bi n ar y c o m p o n e nt if t h e s e p ar ati o n is
wi d e e n o u g h (K o c h a n e k 2 0 1 9 ).  Wit h s u c h a  wi d e s e p ar ati o n,
h o w e v er, s h ort- pl at e a u S N e d o n ot r es ult s ol el y fr o m bi n ar y
i nt er a cti o n (El dri d g e et al. 2 0 1 7 , 2 0 1 8 ).  As s u c h, t h e e n h a n c e d
m ass l oss fr o m i nt er n al gr a vit y  w a v es r e m ai ns  m or e pr o b a bl e,
alt h o u g h t h e li g ht- c ur v e  m o d el pr e di cti o ns c a n b e q uit e fl e xi bl e
b y v ar yi n g t h e a m o u nt a n d ti m e of n u cl e ar e n er g y i nj e cti o n
(M or o z o v a et al. 2 0 2 0 ).

5. 2. I m pli c ati o ns f or t h e  R S G  Pr o bl e m

R e g ar dl ess of t h e e x a ct pr o g e nit or f or m ati o n s c e n ari o, o ur
c o n cl usi o n b as e d o n t h e S N p h ot o m etri c a n d s p e ctr os c o pi c
a n al ys es s h o ul d still h ol d, a n d it is  w ort h dis c ussi n g t h e
i m pli c ati o ns of t h e s h ort- pl at e a u S N e f or t h e  R S G pr o bl e m.
S o m e pr o p os e d s ol uti o ns e v e n p oi nt t o w ar d t h e n o n e xist e n c e
of t h e  R S G pr o bl e m, as t h e hi g h- m ass pr o g e nit ors ( 2 0 M e )
m a y n ot e n d t h eir li v es as  R S Gs, b ut as y ell o w s u p er gi a nts (or
e v e n bl u e s u p er gi a nts or  W olf – R a y et st ars ) r es ulti n g i n S N e
II b/ I b (or I b / c ) d u e t o bi n ar y i nt er a cti o n (El dri d g e et al.
2 0 0 8 , 2 0 1 3 , 2 0 1 7 , 2 0 1 8 ), st ell ar r ot ati o n (Hirs c hi et al. 2 0 0 4 ;
C hi ef fi &  Li m o n gi 2 0 1 3 ), a n d/ or  wi n d  m ass l oss
(G e or g y 2 0 1 2 ;  M e y n et et al. 2 0 1 5 ;  R e n z o et al. 2 0 1 7 ).  Ot h ers
pr o p os e t h e hi g h- m ass  R S Gs d o e x pl o d e as S N e II, b ut t h e
mistr e at m e nt of d ust e xti n cti o n (W al ms w ell  &  El dri d g e 2 0 1 2 ;
B e as or  &  D a vi es 2 0 1 6 ) a n d / or b ol o m etri c c orr e cti o n (D a vi es
&  B e as or 2 0 1 8 ) i n t h e dir e ct pr o g e nit or i d e ntifi c ati o ns
s yst e m ati c all y u n d er esti m at es t h e pr o g e nit or  m ass es. I n a d di-
ti o n, t h e st atisti c al si g nifi c a n c e of t h e  R S G pr o bl e m h as b e e n
q u esti o n e d (s e e  D a vi es  &  B e as or 2 0 2 0 ;  K o c h a n e k 2 0 2 0 f or
r e c e nt dis c ussi o ns). If t h e  R S G pr o bl e m is i n d e e d r e al, t h e n t h e
dir e ct c oll a ps e of hi g h- m ass  R S Gs t o bl a c k h ol es (i. e., f ail e d
e x pl osi o n ) is a pl a usi bl e s ol uti o n (O ’C o n n or  &  Ott 2 0 1 1 ;
U gli a n o et al. 2 0 1 2 ;  K o c h a n e k 2 0 1 4 ;  G er k e et al. 2 0 1 5 ; P ej c h a
& T h o m ps o n 2 0 1 5 ; S u k h b ol d et al. 2 0 1 6 ;  A d a ms et al. 2 0 1 7 ;
B asi n g er et al. 2 0 2 0 ; P ej c h a 2 0 2 0 ;  Kr ess e et al. 2 0 2 1 ). I n t his
c o nt e xt, t h e tr a nsiti o n al n at ur e of S N e 2 0 0 6 Y, 2 0 0 6 ai, a n d
2 0 1 6 e g z is i m p ort a nt, hi g hli g hti n g t h e p ossi bilit y t h at t h es e
p arti all y stri p p e d  m assi v e pr o g e nit ors di e as  R S Gs a n d e x pl o d e
as s h ort- pl at e a u S N e II, r at h er t h a n b e c o mi n g S E S N e or
dir e ctl y c oll a psi n g t o bl a c k h ol es.

As a fi rst- or d er r at e esti m at e f or s h ort- pl at e a u S N e,  w e us e
t h e o pti c all y t hi c k p h as e d ur ati o n (O P T d; t h e ti m e b et w e e n t h e
e x pl osi o n a n d t h e pl at e a u dr o p ) distri b uti o n of S N e II

Fi g u r e 1 3. C o m p aris o n of t h e n e b ul ar s p e ctr a of S N 2 0 1 6 e g z  wit h t h e S N II a n d II b  m o d els fr o m diff er e nt pr o g e nit or M Z A M S .  T h e h ost s p e ctr u m is a d d e d t o t h e  m o d el
s p e ctr a t h at ar e s c al e d t o  m at c h t h e dist a n c e, 5 6 Ni  m ass, a n d p h as e of t h e o bs er v e d S N s p e ctr a.  D u e t o t h e si g ni fi c a nt h ost c o nt a mi n ati o n a n d l o w S / N, o nl y br o a d [O I]
a n d  H α f e at ur es c a n b e i d e ntifi e d.  N ot e t h e o bs er v e d br o a d  H α a n d [O I] str e n gt hs i n b et w e e n t h os e of S N e II – II b a n d 1 7– 2 5 M e m o d els, r es p e cti v el y.

1 4

T h e  As t r o p h ysi c a l J o u r n a l, 9 1 3: 5 5 (2 1 p p ), 2 0 2 1  M a y 2 0 Hir a m ats u et al.



(i n cl u di n g S N e 2 0 0 6 Y, 2 0 0 6 ai, a n d 2 0 1 6 e g z) fr o m  G uti érr e z
et al. (2 0 1 8 ) i n Fi g ur e 1 4 .  T h e l a c k of S N e II  wit h  O P T d  4 0
d a ys i n di c at es t h at t h er e e xists a n  H-ri c h e n v el o p e b o u n d ar y
b et w e e n S N e II a n d II b, as als o s e e n i n t h e li g ht- c ur v e  m o d el
gri d (Fi g ur e 5 ).  O n t h e t ail of t h e s m o ot h  G a ussi a n-li k e  O P T d
distri b uti o n, t h er e is a s m all p o p ul ati o n  wit h s h ort er  O P T d t h a n
S N 2 0 1 6 e g z (Fi g ur e 1 4 ). S N e 2 0 0 8 b p3 7 a n d 2 0 0 8 b u s h o w II L-
li k e li g ht c ur v es  wit h f ai nt er 5 6 C o d e c a y t ails t h a n t h os e of
S N e 2 0 0 6 Y, 2 0 0 6 ai, a n d 2 0 1 6 e g z.  T h eir li g ht c ur v es  mi g ht b e
r e pr o d u c e d  wit h t h e hi g h- m ass (� 1 7. 5 M e ) pr o g e nit or  m o d els
wit hi n t h e s h ort- pl at e a u M H e n v

r a n g e  wit h a l o w er M Ni a n d
v ar yi n g E e x p (Fi g ur es 5 (c ) a n d 6 (c )).  W e d o n ot c o nsi d er t h e
ot h er S N e as pr o b a bl e s h ort- pl at e a u c a n di d at es h er e b e c a us e of
t h e u n c ert ai nti es i n e xti n cti o n a n d e x pl osi o n e p o c h f or
S N 1 9 9 2 af (A n d ers o n et al. 2 0 1 4 ;  G al b a n y et al. 2 0 1 6 b ;
G uti érr e z et al. 2 0 1 7 a ) a n d t h e p o or li g ht- c ur v e s a m pli n g at t h e
pl at e a u f all f or S N 2 0 0 9 a o. If  w e t a k e t h e s h ort- pl at e a u S N
fr a cti o n of 3/ 7 8 (or 5 / 7 8 if  w e n ai v el y i n cl u d e S N e 2 0 0 8 b p
a n d 2 0 0 8 b u ) at f a c e v al u e, a s h ort- pl at e a u S N r at e of ∼ 4 % (or
∼ 6 % ) of all S N e II c a n b e i nf err e d.  T his is r o u g hl y c o nsist e nt
wit h t h e r at e esti m at e fr o m  El dri d g e et al. (2 0 1 8 ) (∼ 4. 7 %; s e e
S e cti o n 4. 3 ).  R e c e ntl y,  G of m a n et al. (2 0 2 0 ) a p pl y e n h a n c e d
m ass-l oss r at es t o  R S Gs a n d f o u n d t h at  m assi v e
R S Gs (M Z A M S ; 2 0 – 2 1 M e ) wit h a si mil ar M H e n v

r a n g e
(∼ 0. 8 – 1. 8 M e ) t o t h at of o ur s h ort- pl at e a u S N  m o d els e n d u p
as d ust- u n o bs c ur e d S N e II.  T h e y r o u g hl y esti m at e a r at e of t his
cl ass t o b e 2 % – 4 % of all S N e II,  w hi c h is si mil ar t o o ur
esti m at e of s h ort- pl at e a u S N e.

Ass u mi n g t h e S al p et er I M F  wit h l o w er a n d u p p er  R S G  m ass
li mits of 8 a n d 2 5 M e , r es p e cti v el y, t h e i nf err e d  Z A M S  m ass
r a n g e of t h e s h ort- pl at e a u S N e 2 0 0 6 Y, 2 0 0 6 ai, a n d 2 0 1 6 e g z
(1 8 – 2 2 M e ) c orr es p o n ds t o 1 0 % of all S N e II. It  m a y b e
p ossi bl e t h at t h e  missi n g fr a cti o n (1 0 % – 4 % = 6 % ) d o es n ot

e n d u p as  R S Gs, b ut t h er e als o s e e ms t o b e a n a bs e n c e of
pr o misi n g hi g h- m ass S E S N c a n di d at es (L y m a n et al. 2 0 1 6 ;
T a d di a et al. 2 0 1 8 ;  B ar b ari n o et al. 2 0 2 0 ).  T h us, t o g et h er  wit h
S N 2 0 1 5 bs (A n d ers o n et al. 2 0 1 8 ) a n d t h e p ossi bl e f ail e d
e x pl osi o n of a ∼ 2 5 M e R S G (G er k e et al. 2 0 1 5 ;  A d a ms et al.
2 0 1 7 ;  B asi n g er et al. 2 0 2 0 ), t his a p p ar e nt r at e  mis m at c h  m a y
s u p p ort t h e pr o p os e d isl a n ds of e x pl o d a bilit y i n a s e a of bl a c k
h ol e f or m ati o n (S u k h b ol d et al. 2 0 1 6 ) w h er e t h er e is n o si n gl e
m ass c ut b et w e e n S N II e x pl osi o ns a n d bl a c k h ol e f or m ati o ns
(s e e als o  O ’C o n n or  &  Ott 2 0 1 1 ;  U gli a n o et al. 2 0 1 2 ; P ej c h a  &
T h o m ps o n 2 0 1 5 ; P att o n  & S u k h b ol d 2 0 2 0 ; P ej c h a 2 0 2 0 ;
S u k h b ol d  &  A d a ms 2 0 2 0 ;  Kr ess e et al. 2 0 2 1 ).

I n or d er t o f urt h er t est t h e h y p ot h esis,  m or e d et ail e d pr o g e nit or
m ass a n d r at e c al c ul ati o ns of s h ort- pl at e a u S N e ar e n e c ess ar y. T h e
b ar e p h ot os p h er es of t h e s h ort- pl at e a u S N pr o g e nit or  m o d els i n
t his  w or k li e i n t h e eff e cti v e te m p er at ur e a n d p h ot os p h eri c
l u mi n osit y r a n g es of ( )< <T3 . 6 5 l o g  K 3. 721 0 eff a n d <5 . 2 3

( ) <L Ll o g 5. 5 31 0 p h , r es p e cti v el y,  w hi c h ar e  wit hi n t h os e
o bs er v e d f or l u mi n o us  R S Gs (e. g.,  L e v es q u e et al. 2 0 0 5 , 2 0 0 6 ;
M ass e y et al. 2 0 0 9 ;  Dr o ut et al. 2 0 1 2 ; G or d o n et al. 2 0 1 6 ). Gi v e n
t h e hi g h c o nst a nt  m ass l oss as  w ell as t h e e n h a n c e d  m ass l oss i n
t h e l ast f e w d e c a d es b ef or e t he e x pl osi o n, h o w e v er, si g ni fi c a nt
d ust e xti n cti o n is li k el y e x p e ct e d f or t h e s h ort- pl at e a u S N
pr o g e nit ors (e. g.,  N o z a w a  & F u k u git a 2 0 1 3 ; N o z a w a et al.
2 0 1 4 ),  m a ki n g t h eir dir e ct pr o g e nit or i d e ntifi c ati o ns u nli k el y (if
t h e y all c o m e fr o m t h e si n gl e-st ar c h a n n el; s e e  El dri d g e et al.
(2 0 1 7 , 2 0 1 8 ) f or t h e i nt er a cti n g bi n ar y c h a n n el).  T h e cir c u mst ell ar
d ust is li k el y d estr o y e d as t h e S N s h o c k pr o gr ess es t hr o u g h.
T h er ef or e, S N p h ot o m etri c a n d s p e ctr os c o pi c a n al ys es of l ar g e
s a m pl es  will b e r e q uir e d t o b ett er d et er mi n e t h eir pr o g e nit or  m ass
a n d r at e distri b uti o ns.

6.  C o n cl usi o ns

W e h a v e pr es e nt e d t h e o pti c al / NI R p h ot o m etri c a n d
s p e ctr os c o pi c o bs er v ati o ns of l u mi n o us  T y p e II s h ort- pl at e a u

Fi g u r e 1 4. Distri b uti o n of t h e S N II  O P T d  wit h a  m e a n μ ; 8 6 d a ys a n d st a n d ar d d e vi ati o n σ ; 1 4 d a ys. S N e 2 0 0 6 Y, 2 0 0 6 ai, a n d 2 0 1 6 e g z s h o w si mil ar l u mi n o us
s h ort- pl at e a u li g ht c ur v es,  w hil e S N e 2 0 0 8 b p a n d 2 0 0 8 b u s h o w II L-li k e li g ht c ur v es (t h e e xti n cti o n a n d e x pl osi o n e p o c h of S N 1 9 9 2 af ar e n ot  w ell c o nstr ai n e d, a n d
t h e f all fr o m t h e pl at e a u of S N 2 0 0 9 a o is n ot  w ell s a m pl e d).  N ot e t h e s m all fr a cti o n of s h ort- pl at e a u S N e (3 / 7 8 ; 4 % ).

3 7 T h e e xti n cti o n esti m at e f or S N 2 0 0 8 b p  m a y b e si g ni fi c a ntl y u n d er esti m at e d
(A n d ers o n et al. 2 0 1 4 ), a n d s o t h e l u mi n osit y c o ul d b e  m u c h hi g h er.
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S N e 2 0 0 6 Y, 2 0 0 6 ai, a n d 2 0 1 6 e g z.  B as e d o n t h e V - b a n d a n d
ps e u d o b ol o m etri c li g ht- c ur v e s a m pl e c o m p aris o ns, t h e p e c uli ar
li g ht c ur v es  wit h t h e s h ort pl at e a us a n d l u mi n o us p e a ks s u g g est
p arti all y stri p p e d  H-ri c h e n v el o p es a n d  C S M i nt er a cti o n at
e arl y ti m e.  W e h a v e c o nstr u ct e d a l ar g e M E S A + S T E L L A
si n gl e-st ar pr o g e nit or a n d li g ht- c ur v e  m o d el gri d (wit h a n d
wit h o ut  C S M i nt er a cti o n ) t h at s h o ws a c o nti n u o us p o p ul ati o n
of S N e II P – II L– II b-li k e li g ht- c ur v e  m or p h ol o g y i n d es c e n di n g
or d er of  H-ri c h e n v el o p e  m ass,  wit h s h ort- pl at e a u S N e l yi n g i n
a c o n fi n e d p ar a m et er s p a c e b et w e e n S N e II L a n d II b  wit h l ar g e
5 6 Ni  m ass es ( 0. 0 5 M e ). F or S N e 2 0 0 6 Y, 2 0 0 6 ai, a n d
2 0 1 6 e g z, o ur  m o d el gri d s u g g ests hi g h- m ass  R S G pr o g e nit ors
(M Z A M S ; 1 8 – 2 2 M e ) wit h s m all  H-ri c h e n v el o p e  m ass es
(  M M1. 7H e n v

) t o r e pr o d u c e t h e s h ort- pl at e a u li g ht c ur v es,
a n d e n h a n c e d  m ass l oss (   

- -M M1 0 yr2 1 ) f or t h e l ast f e w
d e c a d es b ef or e t h e e x pl osi o n t o c a pt ur e t h e e arl y l u mi n o us
p e a ks. I n a d diti o n, t h e P  C y g ni pr o fi l es a n d p h ot os p h eri c
v el o citi es li k el y p oi nt t o w ar d l o w  H-ri c h e n v el o p e  m ass es, a n d
t h e n e b ul ar li n e r ati os a n d s p e ctr al  m o d el c o m p aris o ns pr ef er
hi g h- m ass (M Z A M S ; 1 7 – 2 5 M e ) pr o g e nit ors.

Alt h o u g h t h e e x a ct pr o g e nit or f or m ati o n c h a n n el r e m ai ns a n
o p e n q u esti o n, t h e tr a nsiti o n al n at ur e of S N e 2 0 0 6 Y, 2 0 0 6 ai,
a n d 2 0 1 6 e g z h as i m p ort a nt i m pli c ati o ns f or t h e  R S G pr o bl e m,
i n t h at t h es e p arti all y stri p p e d  m assi v e pr o g e nit ors e n d t h eir
li v es as  R S Gs a n d e x pl o d e as s h ort- pl at e a u S N e.  W e r o u g hl y
esti m at e a s h ort- pl at e a u S N r at e of ∼ 4 % of all S N e II,  w hi c h is
s m all er t h a n t h e I M F e x p e ct ati o n of ∼ 1 0 %.  T his r at e  mis m at c h
m a y s u p p ort t h e pr o p os e d isl a n ds of e x pl o d a bilit y s c e n ari o.
F urt h er v eri fi c ati o n of t his s c e n ari o r e q uir es t h e d et er mi n ati o n
of t h e s h ort- pl at e a u S N pr o g e nit or  m ass a n d r at e distri b uti o ns
t hr o u g h l ar g e S N p h ot o m etri c a n d s p e ctr os c o pi c s a m pl e
a n al ys es (as d o n e i n t his  w or k f or t hr e e o bj e cts ), as t h eir dir e ct
pr o g e nit or i d e nti fi c ati o ns ar e e x p e ct e d t o b e q uit e c h all e n gi n g.
C urr e nt a n d f ut ur e l ar g e tr a nsi e nt s ur v e ys ar e pr o misi n g t o
pr o vi d e t h e n e c ess ar y S N s a m pl es.

W e ar e gr at ef ul t o  Vi kt ori y a  M or o z o v a,  A nt h o n y  L. Pir o,
L ars  Bil dst e n,  Bill P a xt o n, J. J.  El dri d g e,  E v a  L a pl a c e, S er g ei I.
Bli n ni k o v,  K e n ’i c hi  N o m ot o,  M as a o mi  T a n a k a, a n d  N o z o m u
T o mi n a g a f or t h eir c o m m e nts a n d dis c ussi o ns.

D. H.,  D. A. H.,  G. H.,  C. M., a n d J. B.  w er e s u p p ort e d b y  N S F
gr a nts  A S T- 1 3 1 3 4 8 4 a n d  A S T- 1 9 1 1 2 2 5, as  w ell as b y  N A S A
gr a nt 8 0 N S S C 1 9 kf 1 6 3 9.  D. H. is t h a n kf ul f or s u p p ort a n d
h os pit alit y b y t h e  N ati o n al  Astr o n o mi c al  O bs er v at or y of J a p a n
w h er e  m a n y dis c ussi o ns of t his  w or k t o o k pl a c e. J. A. G. is
s u p p ort e d b y t h e  N S F  G R F P u n d er gr a nt n u m b er 1 6 5 0 1 1 4. I. A.
is a  CI F A R  A zri eli  Gl o b al S c h ol ar i n t h e  Gr a vit y a n d t h e
E xtr e m e  U ni v ers e Pr o gr a m a n d a c k n o wl e d g es s u p p ort fr o m t h at
pr o gr a m, fr o m t h e  E ur o p e a n  R es e ar c h  C o u n cil (E R C ) u n d er t h e
E ur o p e a n  U ni o n ’s  H ori z o n 2 0 2 0 r es e ar c h a n d i n n o v ati o n
pr o gr a m (gr a nt a gr e e m e nt n u m b er 8 5 2 0 9 7 ), fr o m t h e Isr a el
S ci e n c e F o u n d ati o n (gr a nt n u m b ers 2 1 0 8 / 1 8 a n d 2 7 5 2 / 1 9 ),
fr o m t h e  U nit e d St at es— Isr a el  Bi n ati o n al S ci e n c e F o u n d ati o n
(B S F ), a n d fr o m t h e Isr a eli  C o u n cil f or  Hi g h er  E d u c ati o n  Al o n
F ell o ws hi p.  C. P. G a c k n o wl e d g es s u p p ort fr o m  E U / F P 7- E R C
gr a nt n u m b er 6 1 5 9 2 9.  R es e ar c h b y S. V. is s u p p ort e d b y  N S F
gr a nt  A S T 1 8 1 3 1 7 6.  Q. F. a c k n o wl e d g es s u p p ort fr o m t h e J S P S
K a k e n hi gr a nt (2 0J 2 3 3 4 2 ).  K.  M a e d a a c k n o wl e d g es s u p p ort
b y J S P S  K A K E N HI gr a nts J P 2 0 H 0 0 1 7 4, J P 2 0 H 0 4 7 3 7,
J P 1 8 H 0 4 5 8 5, J P 1 8 H 0 5 2 2 3, a n d J P 1 7 H 0 2 8 6 4.  G. F. a c k n o wl-
e d g es t h e s u p p ort fr o m  C O NI C E T t hr o u g h gr a nt PI P- 2 0 1 5-

2 0 1 7- 1 1 2 2 0 1 5 0 1 0 0 7 4 6 C O a n d fr o m  A N P C y T t hr o u g h gr a nt
PI C T- 2 0 1 7- 3 1 3 3.  M. D. S. a c k n o wl e d g es s u p p ort fr o m a pr oj e ct
gr a nt (8 0 2 1- 0 0 1 7 0 B ) fr o m t h e I n d e p e n d e nt  R es e ar c h F u n d
D e n m ar k a n d a g e n er o us gr a nt (2 8 0 2 1 ) fr o m t h e  VI L L U M
F O N D E N.  M. G. is s u p p ort e d b y t h e P olis h  N C N  M A E S T R O
gr a nt 2 0 1 4 / 1 4 / A / S T 9 / 0 0 1 2 1.  K.  M a g uir e is f u n d e d b y
t h e  E U  H 2 0 2 0  E R C gr a nt n u m b er 7 5 8 6 3 8.  T. M. B.  w as f u n d e d
b y t h e  C O NI C Y T P F C H A/ D O C T O R A D O B E C A S  C HI L E /
2 0 1 7- 7 2 1 8 0 1 1 3.

T his p a p er  m a d e us e of d at a fr o m t h e  L as  C u m br es
O bs er v at or y gl o b al n et w or k of t el es c o p es t hr o u g h t h e S u p er-
n o v a  K e y Pr oj e ct a n d  Gl o b al S u p er n o v a Pr oj e ct.  T his p a p er
i n cl u d es d at a g at h er e d  wit h t h e 6. 5  m et er  M a g ell a n  T el es c o p es
l o c at e d at  L as  C a m p a n as  O bs er v at or y,  C hil e.  T h e  C S P-I  w as
s u p p ort e d b y t h e  N S F u n d er gr a nts  A S T- 0 3 0 6 9 6 9,  A S T-
0 6 0 7 4 3 8, a n d  A S T- 1 0 0 8 3 4 3.  T his r es e ar c h h as  m a d e us e of t h e
N A S A / I P A C  E xtr a g al a cti c  D at a b as e (N E D ),  w hi c h is f u n d e d
b y  N A S A a n d o p er at e d b y t h e  C alif or ni a I nstit ut e of
T e c h n ol o g y, as  w ell as I R A F,  w hi c h is distri b ut e d b y  N O A O
(o p er at e d b y  A U R A, I n c. ), u n d er c o o p er ati v e a gr e e m e nt
wit h  N S F.

T h e a ut h ors  wis h t o r e c o g ni z e a n d a c k n o wl e d g e t h e v er y
si g nifi c a nt c ult ur al r ol e a n d r e v er e n c e t h at t h e s u m mit of
H al e a k al ā h as al w a ys h a d  wit hi n t h e i n di g e n o us  H a w aii a n
c o m m u nit y.  W e ar e  m ost f ort u n at e t o h a v e t h e o p p ort u nit y t o
c o n d u ct o bs er v ati o ns fr o m t h e  m o u nt ai n. F u n di n g f or S D S S-III
h as b e e n pr o vi d e d b y t h e  Alfr e d P. Sl o a n F o u n d ati o n, t h e
P arti ci p ati n g I nstit uti o ns, t h e  N ati o n al S ci e n c e F o u n d ati o n, a n d
t h e  U. S.  D e p art m e nt of  E n er g y  Offi c e of S ci e n c e.  T h e S D S S-
III  w e bsit e is htt p: / / w w w.s dss 3. or g / .

S D S S-III is  m a n a g e d b y t h e  Astr o p h ysi c al  R es e ar c h
C o ns orti u m f or t h e P arti ci p ati n g I nstit uti o ns of t h e S D S S-III
C oll a b or ati o n, i n cl u di n g t h e  U ni v ersit y of  Ari z o n a, t h e
Br a zili a n P arti ci p ati o n  Gr o u p,  Br o o k h a v e n  N ati o n al  L a b or a-
t or y,  C ar n e gi e  M ell o n  U ni v ersit y,  U ni v ersit y of Fl ori d a, t h e
Fr e n c h P arti ci p ati o n  Gr o u p, t h e  G er m a n P arti ci p ati o n  Gr o u p,
H ar v ar d  U ni v ersit y, t h e I nstit ut o d e  Astr o fi si c a d e  C a n ari as, t h e
Mi c hi g a n St at e / N otr e  D a m e / JI N A P arti ci p ati o n  Gr o u p, J o h ns
H o p ki ns  U ni v ersit y,  L a wr e n c e  B er k el e y  N ati o n al  L a b or at or y,
M a x Pl a n c k I nstit ut e f or  Astr o p h ysi cs,  M a x Pl a n c k I nstit ut e f or
E xtr at err estri al P h ysi cs,  N e w  M e xi c o St at e  U ni v ersit y,  N e w
Y or k  U ni v ersit y,  O hi o St at e  U ni v ersit y, P e n ns yl v a ni a St at e
U ni v ersit y,  U ni v ersit y of P orts m o ut h, Pri n c et o n  U ni v ersit y, t h e
S p a nis h P arti ci p ati o n  Gr o u p,  U ni v ersit y of  T o k y o,  U ni v ersit y
of  Ut a h,  V a n d er bilt  U ni v ersit y,  U ni v ersit y of  Vir gi ni a,
U ni v ersit y of  W as hi n gt o n, a n d  Y al e  U ni v ersit y.

F a ciliti es: A D S, d u P o nt (B & C,  W F C C D,  WI R C ), I R S A,
L as  C u m br es (F L O Y D S, S BI G, Si nistr o ),  M a g ell a n: B a a d e
(I M A C S),  M a g ell a n: Cl a y (L D S S 2 ),  N E D,  N T T (E F O S C 2 ),
S w o p e (SI T e 2 K  C C D,  R etr o C a m ),  V L T- U T 1 (F O R S 2 ).

S oft w ar e: Astr o p y  Astr o p y  C oll a b or ati o n et al. (2 0 1 8 ),
fl o y d s _ p i p e l i n e (V al e nti et al. 2 0 1 4 ), l c o g t s n p i p e
(V al e nti et al. 2 0 1 6 ), M at pl otli b (H u nt er 2 0 0 7 ), M E S A (P a xt o n
et al. 2 0 1 1 , 2 0 1 3 , 2 0 1 5 , 2 0 1 8 , 2 0 1 9 ),  N u m P y (Oli p h a nt 2 0 0 6 ),
P y M C Z (Bi a n c o et al. 2 0 1 6 ), P y R A F (S ci e n c e S oft w ar e  Br a n c h
at S T S cI 2 0 1 2 ), P y Z O G Y (G u e v el  &  H oss ei n z a d e h 2 0 1 7 ),
S ci P y (Virt a n e n et al. 2 0 2 0 ), s e a b or n (W as k o m et al. 2 0 2 0 ),
S E x t r a c t o r (B erti n  &  Ar n o uts 1 9 9 6 ), S T E L L A (Bli n ni k o v
et al. 1 9 9 8 , 2 0 0 0 , 2 0 0 6 ;  Bli n ni k o v  & S or o ki n a 2 0 0 4 ;  B a kl a n o v
et al. 2 0 0 5 ).
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A p p e n di x
E xt r a M E S A + S T E L L A D es c ri pti o n a n d  M o d els

W e st art  wit h M E S A r e visi o n 1 0 3 9 8 t est s uit es, e x a m p l e _
m a k e _ p r e _ c c s n a n d e x a m p l e _ c c s n _ I I p , r es p e cti v el y,
f or pr o g e nit or e v ol uti o n fr o m t h e pr e- m ai n s e q u e n c e t o F e- c or e
i nf all a n d S N e x pl osi o ns fr o m t h e c or e c oll a ps e t o n e ar s h o c k
br e a k o ut (b y e x cisi n g t h e c or e a n d i nj e cti n g a t h er m al b o m b ).
T h e n  w e us e S T E L L A f or S N li g ht- c ur v e a n d e x p a nsi o n-
v el o cit y c al c ul ati o ns fr o m t h e s h o c k br e a k o ut t o r a di o a cti v e
d e c a y t ail.  T h e r e a d er is r ef err e d t o P a xt o n et al. (2 0 1 8 ) f or
m or e d et ails o n t h e  w or k fl o w a n d r el e v a nt p h ysi c al p ar a m et ers.

F or t h e M E S A pr o g e nit or  m o d el gri d,  w e v ar y  Z A M S  m ass es
(M Z A M S = 1 0. 0 – 2 5. 0 M e wit h 2. 5 M e i n cr e m e nts) a n d  wi n d
s c ali n g f a ct ors (η wi n d = 0. 0 – 3. 0  wit h 0. 1 i n cr e m e nts ),  w hil e
fi xi n g s u bs ol ar  Z A M S  m et alli cit y (Z = 0. 3 Z e ), n o r ot ati o n
(ν / ν crit = 0 ),  mi xi n g l e n gt h i n t h e  H-ri c h e n v el o p e (α e n v = 3. 0 ),
a n d c o n v e cti v e o v ers h o oti n g p ar a m et ers ( fo v = 0. 0 2 a n d 0. 0 1
f or 1 0. 0 M e a n d t h e ot h er  Z A M S  m ass es, r es p e cti v el y ).  As t h e

m ai n o bj e cti v e of t his  w or k is t o o bs er v e h o w S N II li g ht
c ur v es ar e aff e ct e d b y  H-ri c h e n v el o p e stri p pi n g,  w e c o ntr ol t h e
pr o g e nit or  m ass l oss b y usi n g t h e D ut c h pr es cri pti o n (Gl e b b e e k
et al. 2 0 0 9 , a n d r ef er e n c es t h er ei n) a n d ar bitr aril y v ar yi n g η wi n d

i n si n gl e-st ar e v ol uti o n (s e e, e. g.,  M a ur o n  & J oss eli n 2 0 1 1 ;
G ol d m a n et al. 2 0 1 7 ;  B e as or et al. 2 0 2 0 f or a  wi d e r a n g e of
o bs er v e d  R S G  m ass-l oss r at es ), r at h er t h a n e x pl ori n g t h e
d et ails of  m ass-l oss  m e c h a nis ms (e. g., i nt er a cti n g bi n ar y
e v ol uti o n; s e e  El dri d g e 2 0 1 7 f or a r e vi e w).  Wit h o ur p ar a m et er
s et u p, ∼ 2 0 % of t h e M E S A pr o g e nit or  m o d els d o n ot a d v a n c e t o
F e- c or e f or m ati o n,  m ostl y d u e t o s o m e l o w- m ass (� 1 2. 5 M e )
m o d els d e v el o pi n g hi g hl y d e g e n er at e c or es a n d f ail d uri n g off-
c e nt er b ur ni n g st a g es s u c h as n e o n i g niti o n.

F or t h e M E S A e x pl osi o n  m o d el gri d,  w e v ar y e x pl osi o n
e n er gi es ( =E 0. 4e x p – 2. 0 × 1 0 5 1 er g  wit h 0. 2 × 1 0 5 1 er g
i n cr e m e nts) f or e a c h pr o g e nit or  m o d el.  T h e S N s h o c k
pr o p a g ati o n is  m o d el e d  wit h t h e  D uff ell (2 0 1 6 ) R a yl ei g h –
T a yl or i nst a bilit y  mi xi n g pr es cri pti o n u ntil n e ar s h o c k br e a k-
o ut, a n d t h e r es ult a nt 5 6 Ni distri b uti o n is s c al e d t o  m at c h a fi x e d

Fi g u r e  A 1. S a m e as Fi g ur e 5 , b ut  wit h M Ni = 0. 0 4 M e .
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5 6 Ni  m ass (M Ni = 0. 0 4, 0. 0 7, a n d 0. 1 M e ).  T h e n,  w e h a n d off
t h es e e x pl osi o n  m o d els t o S T E L L A t o pr o d u c e s y nt h eti c li g ht
c ur v es a n d e x p a nsi o n v el o citi es usi n g 4 0 0 s p ati al z o n es a n d 4 0
fr e q u e n c y bi ns.  A n y f all b a c k  m at eri al is fr o z e n o nt o t h e c e ntr al
r e m n a nt a n d e x cis e d vi a a 5 0 0 k m s− 1 v el o cit y c ut at t h e i n n er
b o u n d ar y at t h e h a n d off b et w e e n M E S A a n d S T E L L A (i. e., t h e
e xtr a h e ati n g fr o m f all b a c k a c cr eti o n o nt o t h e c e ntr al
r e m n a nt is n ot t a k e n i nt o a c c o u nt, b ut c a n b e r el e v a nt f or
hi g h- m ass pr o g e nit ors  wit h l o w E ;e x p e. g.,  Lis a k o v et al. 2 0 1 8 ;

C h a n et al. 2 0 1 8 ;  M ori y a et al. 2 0 1 9 ).  Wit h o ur p ar a m et er
s et u p, ∼ 5 % e a c h of t h e M E S A e x pl osi o n  m o d els a n d S T E L L A
li g ht- c ur v e  m o d els d o n ot c o n v er g e n u m eri c all y,  m ostl y  wit h
hi g h- m ass (� 2 2. 5 M e ) pr o g e nit ors.  W e si m pl y dis c ar d t h e
f ail e d  m o d els (i n F e- c or e f or m ati o n or e x pl osi o n) a n d f o c us o n
t h e b ul k pr o p erti es of t h e  m o d el gri d i n t his  w or k.

As f or t h e  m o d el gri ds  wit h M Ni = 0. 0 4 a n d 0. 1 M e , t h e
li g ht- c ur v e  m o d els ar e s h o w n i n Fi g ur es A 1 a n d A 2 , a n d t h e
s h ort- pl at e a u S N v el o cit y  m o d els ar e s h o w n i n Fi g ur e A 3 .

Fi g u r e  A 2. S a m e as Fi g ur e 5 , b ut  wit h M Ni = 0. 1 M e .
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