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Background:	the	key	role	of	56Ni	in	supernovae

• Colgate	&	McKee	1969:	The	56Ni	à 56Co	à 56Fe	radioactive	
decay	chain	is	the	reason	we	see	SNe at	all.	At	the	same	
time	the	main	source	of	iron	in	the	universe	was	identified.
• This	56Ni	is	produced	in	the	innermost	region	of	the	
collapsing	star,	just	outside	newly	formed	neutron	star	à
direct	diagnostic	of	explosion	physics	and	innermost	stellar	
layers	of	progenitor.
• We	can	probe	this	Ni/Co/Fe	in	multiple	ways:
• Light	curves	Utrobin,	Kozyreva,	…
• Decay	lines	of	56Ni	and	56Co	Churazov,	Diehl,	Siegert..
• Optical/IR	lines	of

• Fe	Spyromilio,	Mazzali,	Jerkstrand,	Taubenberger,..
• Co	Axelrod,	Childress	
• Ni		Maeda,	Jerkstrand,	Flörs,..

Co
lg
ae
te

&
	M

cK
ee
	1
96

9

3



Some	previous	results	from	Ni/Co/Fe	line	modelling

Filling	factor	of	56Ni	bubble	in	CCSNe
Jerkstrand+2012

Ni/Fe	ratios	CCSNe
Jerkstrand+2015ab
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3D	modelling	of	decay	lines:	context
• First	3D	models	with	realistic	explosion	physics	and	evolved	to	late	times	produced	by	
Garching group Wongwathanarat+2013,2015,2017,	Gabler in	prep.,	Stockinger in	prep.

• Opportunity	to	put	explosion	
models	to	the	test.
• Fastest	56Ni?
• Bulk	velocity	of	56Ni?
• Degree	of	asymmetry?
• Composition	of	Si-burn	ashes?
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Hydrodynamic	model	set

Models	from	Wongwathanarat+2015,	2017	(L15-2,W15-1,M15-
7b1,W15-IIb,	evolved	to	~1d)	,	and	Gabler+	in	prep.	(B15-1L,	L15-1L,	
W15-2L,	evolved	to	150d)

MZAMS=15-20	M⊙ progenitors	exploded	with	1.4-2.8	Bethe	(1051 erg). 6

Degree	of	asymmetry
varies	~100-1000	km/s

*X	is	56Ni	or	
other	iron-
group	nucleus

Explosion	energy	
(Bethe)

Ejecta mass	
(M⊙)

56Ni	shift	
(km/s)

X*	shift
(km/s)

44Ti	shift	
(km/s)

Bulk	speed	(km/s)

B15 1.4 14.1 145 288 216 1130

L15-1 1.7 13.6 398 388 414 1160

W15-2 1.5 13.9 517 584 521 1170

M15 1.4 19.4 473 787 633 1490



3D	modelling:	method

• Upgrade	of	SUMO	spectral	synthesis	
(Jerkstrand+2011/2012)	code	to	3D.	Decay	lines	are	
first	“simplest	possible”	application	(because	emission	
and	absorption/scattering	do	not	depend	on	gas	state).

• Full	version	(under	development/testing)	solves	for	
NLTE	gas	state,	line	(Sobolev)	and	continuum	UVOIR	
transfer.

• Monte	Carlo	transport	in	spherical	coordinate	system.
• Avoid	remapping
• Avoid	expensive	small-cell	transport	in	outer	regions
• Allow	resolution	of	small-scale	structure	in	metal	core

• Time-dependence	incorporated	(except	“live	
expansion”	which	has	only	a	v/c~0.01	effect)	by	
modulation	factors	in	otherwise	snapshot	simulation.

www.tf.uni-kiel.de
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Example	line	profiles
Define	shift and	width of	line:

• Lines	can	have	multiple	peaks	and	are	
generally	not	“Gaussian”.

• Compton	scattering	removes	~70%	at	
600d,	~90%	at	300d, and	blueshifts line.

SN	1987A
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Comparison	to	SN	1987A	

B15:	Too	small	56Ni	asymmetry	(~150	km/s)
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Data:	Matz+1988	(M88),	Mahoney+1988	(MAH88),	Leising&Share 1990	(L90),	Tueller+1990	(T90)



M15:	Too	large	ejecta	mass	(19	M⊙)

Comparison	to	SN	1987A	

10Data:	Matz+1988	(M88),	Mahoney+1988	(MAH88),	Leising&Share 1990	(L90),	Tueller+1990	(T90)



W15:	Reasonable.	Quite	large	56Ni	asymmetry	(550	km/s)	and	moderate	ejecta	mass	(14	M⊙)

Comparison	to	SN	1987A	

11Data:	Matz+1988	(M88),	Mahoney+1988	(MAH88),	Leising&Share 1990	(L90),	Tueller+1990	(T90)



Comparison	to	SN	1987A	

12Data:	Matz+1988	(M88),	Mahoney+1988	(MAH88),	Leising&Share 1990	(L90),	Tueller+1990	(T90)

Highest	explosion	energy	in	set	(1.7	B)

L15:	Reasonable.	Quite	large	56Ni	asymmetry	(400	km/s)	and	moderate	ejecta	mass	(14	M⊙)



Infrared	iron	lines
• Compared	to	decay	lines:	Better	data	and less	transfer-sensitivity	but	more	
approximate	emissivity	model	(here	gamma	deposition	times	the	iron	number	fraction).	
• Important	confirmation	of	net	recession	of	the	56Ni,	and	degree	of	asymmetry.

Observations:
Witteborn+1989,
Haas+1990,
Spyromilio+1990

Too	symmetric,	too	slow	56Ni	 Too	slow	56Ni

Too	slow	56Ni
Symmetric	enough,	fast	
enough	(1500	km/s)

SN	1987A
IR	lines
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SN	1987A
IR	lines

SN	1987A
IR	lines

SN	1987A
IR	lines



UVOIR	light-curve	fit:	First	test	of	3D	models	for	key	observable

• Models	with	ejecta	mass	of	13-14	M⊙
do	ok	(assuming	E	~	1.5E51	erg)

• The	model	with	ejecta	mass	19	M⊙
traps	the	gamma	rays	for	too	long.

• Trapping	scales	with	Mejecta
2 à good	

constraints	on	Mejecta.

Data:	Suntzeff+1990
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Neutron	star	kick	constraint

• All	models	produce	a	line	redshift	
smaller	than	the	(3D	speed)	NS	kick.

• Observed	line	redshift	in	SN	1987A	is	
~500	km/s	à NS	kick	speed	>~500	
km/s.Would	place	it	in	upper	half	of	
known	distribution	10-1000	km/s.

• No	direct	constraint	on	angle	to	
observer.
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Superluminous SNe :	background	and	context
• The	brightest	tail	of	(rare)	events	start	to	be	discovered	with	automated	surveys	
mid-2000s.	Named	“superluminous”.
• Most	events	either	Type	IIn (interaction	with	CSM)	or	Type	Ic (no	He	or	H	lines	
seen	at	all).
• Radiated	energies	up	to		around	1051 erg	(100	times	more	than	a	typical	SN).
• SN	2006gy:	One	of	the	first	discovered	events	(Type	IIn).	A	broad	light	curve,	a	
spectrum	with	unidentified	emission	lines	at	400d.

Smith+2007 Kawabata+2009

PAPER	2
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Identification	of	neutral	iron	lines	in	SN	2006gy	and	a	large	iron	mass

Iron	mass	limit:	>0.3	M⊙
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M	=	0.5	Msun
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A	Type	Ia +	CSM	model	reproduces	observed	spectrum	well
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Identification	of	neutral	iron	lines	in	SN	2006gy	and	a	large	iron	mass



The	CSM	mass	controls	both	light	curve	duration	and	iron	
deceleration.	MCSM ~10-15	M⊙ gives	a	consistent	fit	to	both.
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Common	envelope	evolution	holds	promise	to	explain	the	
synchronization of	CSM	ejection	and	SN	explosion	(separated	by	
~100y)

Terman 1995

Eorb =	4E48	erg	(Mcore/M⊙)		(MWD/1.4	Msun)	(R/R⊙)-1

Ebind,env =	4E48	erg	(Menv/10	M⊙)	(R/100	R⊙)

tauinspiral =		1-200y
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Summary

• The	study	of	lines	from	56Ni	and	its	decay	products	(56Co,	56Fe)	– across	the	
EM	spectrum	- provide	one	of	the	cornerstones	of	supernova	analysis.
• First	prediction	of	line	profiles	from	56Ni/ 56Co	decay	lines	and	Fe	IR	lines	
using	realistic	3D	models.	Severe	viewing	angle	effects	both	for	shifts	and	
widths.
• To	reproduce	observed	lines	in	SN	1987A	a	model	need	

A)	A	56Ni	asymmetry	of	>~	400	km/s.
B)	A	56Ni	bulk	speed	>~	1500	km/s.
C)	Ejecta	mass	~	13-14	M⊙.

• Current	set	of	neutrino-driven	3D	models	have	marginal	success.
• Identification	of	lines	at	400d	in	SLSN	SN	with	Fe	I.	Inferred	Fe	mass	>~	0.3	
M⊙.
• A	“Ia-CSM”	model	(with	MCSM >>	Mejecta)	reproduces	both	spectrum,	light	
curve	and	Fe	deceleration.
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Comparison	to	SN	1987A	

B15:	Too	small	56Ni	asymmetry	(~150	km/s)
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Data:	Matz+1988	(M88),	Mahoney+1988	(MAH88),	Leising&Share 1990	(L90),	Tueller+1990	(T90)



M15:	Too	large	ejecta	mass	(19	Msun)

Comparison	to	SN	1987A	

24Data:	Matz+1988	(M88),	Mahoney+1988	(MAH88),	Leising&Share 1990	(L90),	Tueller+1990	(T90)



W15:	Reasonable.	Quite	large	56Ni	asymmetry	(550	km/s)	and	moderate	ejecta	mass	(14	Msun)

Comparison	to	SN	1987A	

25Data:	Matz+1988	(M88),	Mahoney+1988	(MAH88),	Leising&Share 1990	(L90),	Tueller+1990	(T90)



Comparison	to	SN	1987A	

26Data:	Matz+1988	(M88),	Mahoney+1988	(MAH88),	Leising&Share 1990	(L90),	Tueller+1990	(T90)

Highest	explosion	energy	in	set	(1.7	B)

L15:	Reasonable.	Quite	large	56Ni	asymmetry	(400	km/s)	and	moderate	ejecta	mass	(14	Msun)


