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•  Building	the	Case	for	the	Convec@ve	Engine	
•  Yields	and	their	Uncertain@es	–	Engine	physics	improving	yields,	GCE	

constraining	engines		



Neutrino-Driven Supernova Mechanism

Temperature and Density of the Core 
Becomes so High that:
   Iron dissociates into alpha particles
   Electrons capture onto protons
Core collapses nearly at freefall!

Core reaches nuclear densities
  Nuclear forces and neutron
  degeneracy increase pressure

  Bounce!

Radius (km)Ve
lo

ci
ty

 (c
)

Ve
lo

ci
ty

 (c
)

Radius (km)



Upflow 

Downflow 

Proto- 
Neutron 
Star 

Anatomy 
Of the  
Convection 
Region 

Fryer & Warren 2002 
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The	Herant	et	al.	(1994)	Convec@ve	Supernova	Engine	



Neutrino-Driven Supernova Mechanism:  Convection 

Fryer 1999 
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Stars with NO mass-loss 



With	HST,	
astronomers	
now	have	a	
slowly	
growing	set	
of	
progenitors	
observed	
pre-collapse.			
	
These	
observed	
progenitors	
confirm	the	
theory	
predic@ons.		

SmarR	2009	



Distribution of 
Neutron and 
Black Hole 
Masses 

The range of remnant masses 
was predicted by models (in 
2000, observations argued for 
delta function mass 
distributions).  But the mass 
gap places constraints on the 
engine. 

Belczynski 2012 

Fryer et al. 2015 



Dominik	et	al.	2012,	Belczynski	et	al.	2016,2017	
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Cassiopeia	A	

9	GrefensteRe	et	al.,	ApJ	(2017)	



Wongwathanarat	et	al.	
(2017)	and	Young	et	al.	
(2017)	both	found	that	
simple	models	based	on	
the	convec@ve	engine	
could	match	the	
structure	of	Cas	A.	



Ye	dependence	

Ye=0.0506	 Ye=0.0500	

The	yields	depend	sensi@vely	on	the	
electron	frac@on.		Near	the	proto-
neutron	star,	this	can	be	set	by	the	
neutrino	spectra	(transport,	neutrino	
physics	–	e.g.	oscilla@ons,	…)	

11	Magkotsios	et	al.	2010	



•  We	can	compare	
to	a	broader	set	
of	remnant	
yields.	

•  The	difficulty	
with	these	
broader	yields	is	
that	most	
remnants	don’t	
have	the	diverse	
set	of	data	like	
Cas	A.			We	can	
get	a	wide	range	
of	yields	just	on	
explosions	alone.	

•  We	need	to	
understand	the	
progenitor	
uncertain@es	as	
well.			

		

Fryer	et	al.	2017	



Conclusions	
•  The	convec@ve	engine	has	been	the	leading	theory	model	for	

2	decades.		Observa@ons	from	SN	energies,	remnant	masses,	
and	remnant	structure	support	this	engine	(no	other	
proposed	model	matches	these	constraints	without	extreme	
tuning).	

•  Other	engines	exist	–	pair-instability	supernovae,	MHD	jets	to	
explain	hypernovae/GRBs	(and	perhaps	some	SLSNe).		For	
some	yields,	these	will	be	important.	

•  We	can	use	individual	supernova	remnants	to	probe	
nucleosynthesis	(and	the	engine).		Stay	tuned	for	new	results	
here.	

•  Currently	there	are	s@ll	large	yield	uncertain@es.		Within	the	
uncertain@es,	more	than	one	solu@on	can	be	found	to	match	
GCE.		Determining	all	solu@ons	and	elimina@ng	solu@ons	
should	be	high	on	our	“to-do”	list.		



Calculating NS merger 
distributions with 
cosmology calculations. 

Enzo calculations by Wiggins and 
Smidt (2017) (in prep) 




