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Neutrino-Process	Elements	
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Introduction:  Nucleosynthetic isotope anomalies 

have long been known to exist at the grain-size level in 
primitive meteorites. Numerous recent studies have, 
furthermore, identified planetary-scale isotope anoma-
lies for some refractory elements (e.g., Ba, Cr, Ti), 
whilst other elements exhibit no such effects (e.g., Hf, 
Os). Such isotopic anomalies are typically interpreted 
as representing an initial state of heterogeneity in the 
solar nebula. This inheritance of solar nebula signa-
tures can be investigated further by examining mass-
dependent stable isotope anomalies. 

Molybdenum is ideally suited as a tracer of plane-
tary-scale isotopic heterogeneity in the solar nebula as 
its seven isotopes were produced by distinct nucleo-
synthetic processes. However, despite its suitability, 
previously obtained Mo isotopic evidence has been 
questioned by other investigations that presented con-
flicting data [1-3]. 

Here we present Mo isotope data with improved 
precision and for a larger range of iron meteorites than 
in previous studies, to inform the debate about nucleo-
synthetic isotope anomalies. We have, furthermore, 
investigated mass-dependent Mo isotope fractionations 
for these samples, based on additional stable isotope 
analyses via the double-spike technique. 

Analytical techniques:  Iron meteorite samples of 
1 to 15 g from 11 different groups were obtained from 
the Natural History Museum London and private col-
lectors. The samples were sequentially leached in 0.5 
M HBr, 6 M HCl and modified aqua regia (prepared 
with 6 M HCl), and then digested in modified aqua 
regia. Separation of Mo was achieved by a two-stage 
anion exchange procedure, which produced purified 
Mo fractions that typically displayed Ru/Mo and 
Zr/Mo ratios of 2.7×10-5 or less. For measurements of 
stable Mo isotope compositions, the samples were 
mixed with a 100Mo-97Mo double spike [4] prior to the 
separation chemistry. 

The Mo isotopic compositions were measured by 
MC-ICP-MS using the Nu Plasma HR instrument at 
Imperial College. To determine nucleosynthetic Mo 
isotope anomalies, instrumental mass bias was correct-
ed by internal normalisation to 98Mo/96Mo = 1.453174 
[5] using the exponential law. To investigate possible 
analytical artefacts, internal normalization to other 
ratios, including 92Mo/98Mo = 0.607898 and 
97Mo/95Mo = 0.602083, were performed and found to 
produce internally consistent results. Normalization to 

98Mo/96Mo resulted in larger anomalies and more dis-
tinctive anomaly patterns, in agreement with [3]. In the 
following, the nucleosynthetic Mo isotope anomalies 
are therefore described using this normalization. 

The internally normalized data are reported in εiMo 
notation (Fig. 1), where εiMo = [(iMo/96Mo)sample / 
(iMo/96Mo)standard - 1] × 104, calculated relative to the 
mean of several bracketing runs of NIST SRM 3134 
Mo. External reproducibility (2σ) of the SRM meas-
urements typically ranged from ±0.39 for ε92Mo to 
±0.14 for ε97Mo. To determine stable Mo isotope com-
positions, the double spike data reduction utilized pub-
lished methods [6, 7]. The sample data are reported in 
δ98Mo notation, calculated using 98Mo/95Mo (Fig. 2) 
and determined relative to the mean obtained for 
bracketing analyses of NIST SRM 3134 Mo. Typical 
external reproducibility (2σ) was ±0.035‰ for δ98Mo. 

The measured stable and nucleosynthetic Mo iso-
tope data were combined to determine purely mass-
dependent Mo isotope fractionation, by ‘removing’ any 
mass-independent effects. For this, the raw data ac-
quired for unspiked samples were internally normal-
ized to 97Mo/95Mo, as both isotopes have similar s- and 
r-process contributions (97Mo: 58% s- and 42% r-; 
95Mo: 55% and 45%). Therefore, variations in these 
components will not significantly affect the 97Mo/95Mo 
ratio. This is the same procedure as used by [8]. 

Results: Following internal normalization to 
98Mo/96Mo, the Mo isotope data for all magmatic iron 
groups display the typical ‘w-shaped’ isotopic patterns 
associated with s-process deficits (Fig. 1). 

 
Fig. 1: Mean nucleosynthetic Mo isotope anomalies for iron meteor-
ite groups, with 2se error bars. The grey shaded field represents 2σ 
external reproducibility of the SRM measurements. Normalized to 
98Mo/96Mo = 1.453174. 
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Galac*c	Chemical	Evolu*on	of	7Li	
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Fig. 1.— Upper panel: log ✏(7Li) vs. [Fe/H] for field stars. Observations are from Full-
bright (2000) (filled circles), Bonifacio & Molaro (1997) (open squares), Balachandran (1990)

(open triangles), Lambert et al. (1991) (open circles). The box represents the region occupied
by stars in open clusters with undepleted 7Li . The meteoritic and the (solar) photospheric
values are also shown by a dotted circle and an asterisk, respectively. Lower panel: log ✏(7Li)

vs. age for Galactic open clusters (filled triangles), and globular clusters (box). We also
include di↵erent measurements of the ISM value (filled circles), the meteoritic value (dotted

circle), and the cosmological 7Li abundance adopted in this work (see text for references).

Travaglio	+,	2001	



Fig.	from	Prof.	Kajino	(NAOJ,	Tokyo	U.) 
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Galac*c	Chemical	Evolu*on	of	ν-Nuclei	
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Model	Calcula*on	of	GCE		

•  Contribu*ons	from	individual	sources	with	
different	masses	and	metallici*es	

•  Convolve	with	ini*al	mass	func*on	
•  Trace	the	evolu*on	
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Equa*ons	for	Stellar	Evolu*on	

Stellar Evolution with Different Nuclear Reaction Rate 

LEE, HUNN TAEK1 
1Ulsan National Institute of Science and Technology, South Korea 

Advisor: Kwak, Kyujin1 

Abstract 
In this presentation, we will show an example of how nuclear physics affects stellar evolution. Our choice of example is triple alpha reaction rate. By using 
MESA(Modules for Experiments in Stellar Astrophysics), we trace the evolutionary track of a sun-like star with various triple alpha reaction rates. We find that 
different triple alpha reaction rates changes not only the evolutionary track itself but also the composition of star. With the commonly used triple alpha reaction 
rate, the sun becomes an oxygen white dwarf. However, when the triple alpha reaction rate is increased from the common rate by a factor of 10, the evolution of 
the sun ends as a carbon white dwarf rather than an oxygen white dwarf. 

Introduction 
 By using MESA, we can simulate the evolution of a star. 
   - MESA can include different reaction rates and reaction networks. 
   - Some nuclear reaction rates are hard to measure in laboratory, therefore there exist some uncertainties for nuclear reaction rates.  
   - Comparing the observational data and the simulated result can narrow down the uncertainty of the nuclear reaction rates. 
   - Eventually we can get the more precise stellar evolution model by using the refined nuclear reaction rates. 

Theory 
 Basic equations to calculate stellar structure(Using Lagrangian coordinates) 
 1. ( ) = −   Hydrostatic equilibrium equation 

 2. ( ) = ɛ − T    Thermal energy conservation equation 

 3.  = −  Energy transfer equation for radiative equilibrium condition 

 4 . =  Energy transfer equation for convective condition 

 
To calculate the composition of a star, we need to solve general composition change equation 
 5 . ( , )

  
= 𝑟 𝐴, 𝑍 − 𝑟 𝐴, 𝑍  

 This equation should include all related isotopes. So it is generally represented by a matrix form. 

Simulation Tool : 
 Modules for Experiments in Stellar Astrophysics 
 - 1D stellar evolution code 
 - Openness: anyone can download sources from the website. 
 - Modularity: independent modules for physics and for numerical 
algorithms; the parts can be used stand-alone. 
 - Wide Applicability: capable of calculating the evolution of stars in 
a wide range of environments. 
 - Comprehensive Microphysics: up-to-date, wide-ranging, flexible, 
and independently useable microphysics modules. 
 - Modern Techniques: advanced AMR, fully coupled solution for 
composition and abundances, mass loss and gain, etc. 
 
  Simulation Result 

 - Sun-like star model.(1 solar mass, the metallicity is 2% of the total mass.) 
 - Simulation starts with pre-mainsequence model. 
 - Simulation terminates when the model evolves up to the white dwarf. 
 - These models include mass loss scheme during the RGB and AGB phase. 
 - It also includes rotation and convection scheme. 
 - The only difference between two is triple alpha reaction rate.  
   Right one’s reaction rate had multiplied by factor of 10.   

Figure 1 : Evolutionary path of the sun 
http://www4.nau.edu/meteorite/Meteorite/Book-
GlossaryS.html 

What is the Triple Alpha Reaction? 
 - The unique nuclear reaction which can make carbon from lighter material. 
 - This reaction rate is very hard to measure from the experiment, since the 
intermediate product 𝐵𝑒 has very short half life (6.7× 10 𝑠). 
- 𝐻𝑒   +   𝐻𝑒 →   𝐵𝑒 (-93.7 KeV) 
  𝐻𝑒   +   𝐻𝑒 →   𝐶 (+7.367 MeV) 
 

Figure 2 : triple alpha reaction 
http://en.wikipedia.org/wiki/Triple-alpha_process  

Figure 3 : Evolutionary path with NACRE triple alpha reaction rates Figure 4 : Evolutionary path with 10 times larger triple alpha reaction rate 

Discussion 
Triple alpha reaction is very important for stellar evolution because carbon plays a role of catalyst in the CNO nuclear reaction cycle for the hydrogen burning. For 
this reason, the composition of the star can be severely affected by the triple alpha reaction rate. In Figures 3 and 4, right panels show the compositions of the 
white dwarfs resulting from two different triple alpha reaction rate. With the larger triple alpha reaction rate, major element in the white dwarf is  carbon instead 
of oxygen. This is because the triple alpha reaction competes with the reaction 𝐶   +   𝐻𝑒 →   𝑂 + γ (+7.162 MeV). If the triple alpha reaction dominates, then 
oxygen cannot be synthesized abundantly from the reaction of carbon absorbing helium since most of helium will become carbon by triple alpha reaction. 

Future Plan 
- Investigating the nuclear reaction chain during supernova explosion                 
- Simulation of binary star system’s evolution 
-  Simulation of low mass star’s evolution 
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Future Plan 
- Investigating the nuclear reaction chain during supernova explosion                 
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-  Simulation of low mass star’s evolution 

MESA	
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Massive	Star	Evolu*on	w/	MESA	

The Astrophysical Journal Supplement Series, 208:4 (43pp), 2013 September Paxton et al.

Figure 42. Comparison of evolutionary tracks (left) and equatorial rotational velocity (right) for a 25 M⊙ model with Z = 0.02 and veq = 200 km s−1. The solid black
lines show MESAstar results with MLT (black) and MLT++ (orange), while the dashed blue line refers to STERN calculations. The star symbol shows the location
where we started the calculation for the RSG pulsations discussed in Section 7.4.
(A color version of this figure is available in the online journal.)

Figure 43. Evolution of internal specific angular momentum for the two 25 M⊙
models of Figure 42. The dashed lines show models calculated with MLT++.
Due to different excursions in the H-R diagram (see Figure 28) calculations
with MLT and MLT++ end with different final masses. There are no substantial
changes, however, in the specific angular momentum content of the stellar cores.
(A color version of this figure is available in the online journal.)

transport of angular momentum and chemicals by rotational
instabilities and magnetic torques is included and calibrated
following Heger et al. (2000, 2005) and Yoon & Langer (2005).
Wind mass loss is been implemented following the recipe of
Glebbeek et al. (2009). For Teff > 104 K and H-surface fraction
>0.4, the mass-loss prescription of Vink et al. (2001) is used.
In the same temperature range, but when the H-surface fraction
decreases below 0.4, Nugis & Lamers (2000) determine the
mass-loss rate. At low temperatures (Teff < 104 K) the mass-
loss rate of de Jager et al. (1988) is used.

Figure 44. Evolution of Tc and ρc in the massive rotating models. The locations
of core helium, carbon, neon, oxygen, and silicon burning are labeled. A dashed
curve marks the electron–positron pair-instability region where Γ1 < 4/3.
All models are rotating initially at 20% of critical rotation. The calculations
include the effects of rotation and Spruit–Tayler magnetic fields as discussed in
Section 6. Models with initial mass ! 100 M⊙ have initial metallicity Z = 0.02,
while models with mass " 120 M⊙ have initial metallicity Z = 0.001. The end
of the line for each mass corresponds to the time of core collapse, defined as
when any part of the collapsing core exceeds an infall velocity of 1000 km s−1.
The tracks for the 60 M⊙ and 70 M⊙ overlap in this plot.
(A color version of this figure is available in the online journal.)

Figure 44 shows the central conditions of these massive
rotating models. For each model the calculation stops when
any part of the collapsing core reaches an infall velocity of
1000 km s−1. Some of the initial and final properties are
summarized in Table 5. These calculations are performed to
reveal the new capabilities of MESAstar. The values of the

29

w/	Rota*on	(MESA	II,	2013)	

The Astrophysical Journal Supplement Series, 192:3 (35pp), 2011 January Paxton et al.

Figure 29. Top: H-R diagram for 10–100 M⊙ models from the PMS to the end of
core Helium burning for Z = 0.02 but with zero mass loss. Bottom: trajectories
of the central conditions in the T –ρ plane over this same evolutionary period.
(A color version of this figure is available in the online journal.)

et al. (2001), Nugis & Lamers (2000), and Nieuwenhuijzen &
de Jager (1990), as described in Section 6.6. These massive
star models are non-rotating, use no semi-convection, employ a
mixing length parameter of αMLT = 1.6, and adopt f = 0.01 for
exponential diffusive overshoot (see Section 5.2) for convective
regions that are either burning hydrogen or are not burning.

Most of this section consists of comparisons to results from
other stellar evolution codes. However, for consistency (and
completeness), we show in Figure 29 the H-R diagram and
central condition evolution of 10–100 M⊙ stars from the PMS
to the end of core helium burning. Though these are stars with
Z = 0.02, we turned off mass loss during this calculation so
that the plot would be easier to read and of some pedagogical
use. The tendency of Tc to scale with ρ

1/3
c (also a constant

radiation entropy) during these stages of evolution is expected
from hydrostatic balance with only a mildly changing mean
molecular weight. The rest of the calculations in this section
included mass loss as described above.

7.3.1. 25 M⊙ Model Comparisons

Figure 30 shows the Tc–ρc evolution in Mi = 25 M⊙ solar
metallicity models from MESA star, KEPLER (A. Heger 2010,
private communication), Hirschi et al. (2004), and FRANEC
(Limongi & Chieffi 2006) from helium burning until iron-
core collapse. The curves fall below the Tc ∝ ρ

1/3
c scaling

relation as the mean molecular weight increases due to the
subsequent burning stages. The curves are also punctuated with
non-monotonic behavior when nuclear fuels are first ignited
in shells. Figure 30 shows that MESA star produces core
evolutionary tracks consistent with other pre-supernova efforts.
The bump in the MESA star curve around carbon burning is

Figure 30. Evolution of the central temperature and central density in solar
metallicity Mi = 25 M⊙ models from different stellar evolution codes. The
locations of core helium, carbon, neon, oxygen, and silicon burning are labeled,
as is the relation Tc ∝ ρ

1/3
c .

(A color version of this figure is available in the online journal.)

Figure 31. Mass fraction profiles of the inner 2.5 M⊙ of the solar metallicity
Mi = 25 M⊙ model at the onset of core collapse. The reaction network
includes links between 54Fe, 56Cr, neutrons, and protons to model aspects of
photodisintegration and neutronization.
(A color version of this figure is available in the online journal.)

due to the development of central convection whereas the other
codes do not (although see Figure 2 of Limongi et al. 2000).
The development of a convective core during carbon burning
depends on the carbon abundance left over from core helium
burning (Limongi et al. 2000).

The mass fraction profiles of the inner 2.5 M⊙ of this
Mi = 25 M⊙ model are shown in Figure 31 at the onset of core

26

w/o	Rota*on	(MESA	I,	2011)	
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CCSN	Simula*on	w/	MESA	

•  Implicit	hydrodynamics	module	in	1D	
Lagrangian	coordinates	was	added	in	MESA	III,	
2015.		

•  Parameters	for	1D	CCSN	simula*ons	
– Mass	cut	and	injec*on	energy	
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CCSN	w/	Presupernova	of	15	Msun		
•  Mass	cut	at	1.75	Msun	(=	iron	core	mass)	
•  Thermal	energy	deposi*on	with	1.52	B	(1	B	=	1051	ergs)		

–  SN	energy	=	1.2	B	=	1.52	B	–	3.2	B	(binding	energy	at	the	mass	cut	=	
3.2B)	 27
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Figure 28. Multi-epoch snapshots of the hydrodynamical simulation from energy injection mimicking core-collapse supernova. The initial model is a 15 M�
star at solar metallicity, evolved with mass loss but no rotation, and employing a nuclear network of 22 isotopes. We show the density (top row), temperature
(middle row), and velocity (bottom row), versus Lagrangian mass (left column) and radius (right column). In each panel, the solid line shows the MESA results
and the dashed line the V1D results.

shock and the explosive nucleosynthesis that takes place in
the wake of the shock during the first second. The yields from
explosive nucleosynthesis depend on both the energy and the
power (characteristic energy deposition timescale), while the
dynamics of the shock are primarily dependent on the total
energy deposited.

The starting conditions for the explosion simulations are the
two 15 M� pre-supernova models discussed above; one for the
approximate 22 isotope network and one for the 204 isotope
network.

6.2.1. Explosion Dynamics
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Figure 28. Multi-epoch snapshots of the hydrodynamical simulation from energy injection mimicking core-collapse supernova. The initial model is a 15 M�
star at solar metallicity, evolved with mass loss but no rotation, and employing a nuclear network of 22 isotopes. We show the density (top row), temperature
(middle row), and velocity (bottom row), versus Lagrangian mass (left column) and radius (right column). In each panel, the solid line shows the MESA results
and the dashed line the V1D results.

shock and the explosive nucleosynthesis that takes place in
the wake of the shock during the first second. The yields from
explosive nucleosynthesis depend on both the energy and the
power (characteristic energy deposition timescale), while the
dynamics of the shock are primarily dependent on the total
energy deposited.

The starting conditions for the explosion simulations are the
two 15 M� pre-supernova models discussed above; one for the
approximate 22 isotope network and one for the 204 isotope
network.

6.2.1. Explosion Dynamics
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Explosive	Nucleosynthesis	
29
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Figure 30. Same as Figure 29 but at a time after all nucleosynthesis has
completed.

is also positioned at the outer edge of the iron core at 1.5 M�.
The total energy after the deposition phase is 1051 erg.

Figure 31. Composition profiles of the eight most abundant isotopes at 1 s in
the inner 0.4 M� of the ejecta for MESA (solid) and V1D (dashed) simulations
of a 1051 erg explosion in the 15 M� model. The Si-rich and O-rich shells
have been influenced by explosive nucleosynthesis, the former primarily for
the production of 56Ni and the latter primarily for the production of 28Si and
32S.

In Figure 31, we show the composition profiles for the eight
most abundant isotopes in the inner ⇡ 0.4 M� at the end of
the energy-deposition phase (i.e., at 1 s). The correspondence
between MESA and V1D is again very good. The 56Ni mass
fraction approaches unity – it would reach unity if we appre-
ciably increased the power (see Figure 29 for example). Some
58Ni is produced in the same region, while 54Fe is synthesized
in the layers immediately above. The 56Ni yields at 1.0 s are
0.0041 M� for V1D, and 0.011 M� for MESAwith 204 isotopes.

This work shows that the power of the explosion has a a sig-
nificant impact on the abundance profiles. In the high power
explosion, the yield of 56Ni is ⇡ 10 times larger and the 4He is
several orders of magnitude more abundant. The nucleosyn-
thesis of the low power explosion is completed at end of depo-
sition phase at 1.0 s, while nucleosynthesis in the high power
case continues for ⇡ 30 s. This sensitivity suggests poten-
tially observable signatures between low and high power ex-
plosions. In addition, the explosive nucleosynthesis that takes
place in core-collapse supernovae is sensitive to the way the
explosion is triggered. With the approach we use (fixed power
during the energy deposition phase), we find that increasing
the explosion energy (at a given power), the power (at a given
explosion energy), or both alters the amount of mass burnt.
Moving the mass cut deeper into denser layers considerably
enhances the amount of burnt material but this material may
fall back rather than be ejected. Moving the mass cut fur-
ther out into lower-density regions may completely quench
the production of 56Ni, in favor, for example, of 28Si. It is
thus important to keep in mind that the piston or thermal ex-
plosion trigger is artificial and that the yields from explosive
nucleosynthesis bear significant uncertainties.

7. IMPROVED TREATMENT OF MASS ACCRETION
Adding mass to a star requires a way to accurately and e�-

ciently compute the thermal state of the freshly accreted ma-
terial in the outermost layers. This is simplified by a hier-
archy of timescales. For accretion at Ṁ, there are two im-
portant timescales at a given location, m, the thermal time
⌧th ' (M�m)CPT/L, where CP is the specific heat at constant
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Figure 30. Same as Figure 29 but at a time after all nucleosynthesis has
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is also positioned at the outer edge of the iron core at 1.5 M�.
The total energy after the deposition phase is 1051 erg.

Figure 31. Composition profiles of the eight most abundant isotopes at 1 s in
the inner 0.4 M� of the ejecta for MESA (solid) and V1D (dashed) simulations
of a 1051 erg explosion in the 15 M� model. The Si-rich and O-rich shells
have been influenced by explosive nucleosynthesis, the former primarily for
the production of 56Ni and the latter primarily for the production of 28Si and
32S.

In Figure 31, we show the composition profiles for the eight
most abundant isotopes in the inner ⇡ 0.4 M� at the end of
the energy-deposition phase (i.e., at 1 s). The correspondence
between MESA and V1D is again very good. The 56Ni mass
fraction approaches unity – it would reach unity if we appre-
ciably increased the power (see Figure 29 for example). Some
58Ni is produced in the same region, while 54Fe is synthesized
in the layers immediately above. The 56Ni yields at 1.0 s are
0.0041 M� for V1D, and 0.011 M� for MESAwith 204 isotopes.

This work shows that the power of the explosion has a a sig-
nificant impact on the abundance profiles. In the high power
explosion, the yield of 56Ni is ⇡ 10 times larger and the 4He is
several orders of magnitude more abundant. The nucleosyn-
thesis of the low power explosion is completed at end of depo-
sition phase at 1.0 s, while nucleosynthesis in the high power
case continues for ⇡ 30 s. This sensitivity suggests poten-
tially observable signatures between low and high power ex-
plosions. In addition, the explosive nucleosynthesis that takes
place in core-collapse supernovae is sensitive to the way the
explosion is triggered. With the approach we use (fixed power
during the energy deposition phase), we find that increasing
the explosion energy (at a given power), the power (at a given
explosion energy), or both alters the amount of mass burnt.
Moving the mass cut deeper into denser layers considerably
enhances the amount of burnt material but this material may
fall back rather than be ejected. Moving the mass cut fur-
ther out into lower-density regions may completely quench
the production of 56Ni, in favor, for example, of 28Si. It is
thus important to keep in mind that the piston or thermal ex-
plosion trigger is artificial and that the yields from explosive
nucleosynthesis bear significant uncertainties.

7. IMPROVED TREATMENT OF MASS ACCRETION
Adding mass to a star requires a way to accurately and e�-

ciently compute the thermal state of the freshly accreted ma-
terial in the outermost layers. This is simplified by a hier-
archy of timescales. For accretion at Ṁ, there are two im-
portant timescales at a given location, m, the thermal time
⌧th ' (M�m)CPT/L, where CP is the specific heat at constant

ü  Mass	cut	at	1.5	Msun		
ü  Thermal	energy	deposi*on	with	1.57	B	
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Uncertain*es	
•  Pre-supernova	models	of	massive	stars	
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Explosion	Parameters	in	1D	Simula*on	

•  Mass	cut	and	explosion	energy	
– Size	of	iron	core	vs.	entropy	or	Ye	profile	
– Thermal	(explosive)	or	kine*c	(piston)	energy		

•  Example	(Woosley	and	Heger,	2007)	
– Edge	of	iron	core	
– S/NAk=4	
–  Ini*al	Kine*c	energy	=	1.2	or	2.4	B	

•  PUSH	method	(Carla	Fröhlich’s	presenta*on)	
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Presupernova	evolved		
from	20	Msun		

(Woosley	&	Heger	2007)		

274 S.E. Woosley, A. Heger / Physics Reports 442 (2007) 269–283
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Fig. 2. Entropy and density distributions inside a 20 solar mass presupernova star. The iron core mass here is 1.54 M⊙; the base of the oxygen shell is
at 1.82 M⊙. The sudden decrease in density at the base of the oxygen shell causes an abrupt decline in ram pressure which often results in explosions
happening with this mass cut.

of SN 1987A (Bethe, 1990; Arnett et al., 1989) which was a Type II supernova of typical mass (about 18–20 M⊙). It
is also constrained by the observed light curves of Type II supernovae (Section 3.2).

3.1. Remnant masses

Observations by Thorsett and Chakrabarty (1999) of a large number of pulsars in binary systems give a narrow spread
in masses, 1.35 ± 0.04 M⊙. There must be room for some diversity, however. Ransom et al. (2005) present compelling
evidence for a pulsar in the Terzian 5 globular cluster with a gravitational mass of 1.68 M⊙. The remnant gravitational
masses for our survey using the Kepler stellar evolution code, with KE = 1.2 B and pistons located the edge of the iron
core, are plotted in Fig. 3. A more careful analysis of fall back in these models using an Eulerian hydrodynamics code
and a better treatment of the inner boundary conditions has been carried out by Zhang et al. (2007), but gives similar
numbers for solar metallicity stars. Using the Zhang et al. (2007) values, adopting a Salpeter initial mass function with
! = 1.35 to describe the birth frequency of these stars, and assuming a maximum neutron star mass of 2.0 M⊙, one
obtains an average gravitational mass for the neutron star of 1.47 ± 0.21 if the piston is at the S/NAk = 4.0 point
and 1.40 ± 0.22 if it is at the edge of the iron core. If the maximum neutron star mass is 1.7M⊙, the numbers are
changed to 1.41 ± 0.15 M⊙ and 1.34 ± 0.14, respectively. In this paper, we carried out simulations with the piston at
both points—the iron core edge, and the base of the oxygen shell. Larger masses than typical are also possible for the
rare exceptionally massive star, usually those over 25 M⊙. For those cases where a black hole was made, its average
mass was around 3 M⊙. We note that these numbers are for single stars and they could be altered significantly in mass
exchanging binaries.

The figure also shows that neutron stars are made by both the lightest main sequence stars and the heaviest. This is a
consequence of mass loss. The helium core mass of the presupernova star increases monotonically with main sequence
mass up to about 45 M⊙, where it reaches a maximum of 13 M⊙. Beyond that the helium core shrinks due to efficient
Wolf–Rayet mass loss and the iron core mass shrinks with it. A 100 M⊙ model had a total mass of only 6.04 M⊙ when
it died—all helium and heavy elements—and an iron core mass of 1.54 M⊙.

The results are quite different for stars with low metallicity and, hence, reduced mass loss (Heger and Woosley,
2007; Zhang et al., 2007). Fig. 4 shows that the remnant mass increases rapidly for main sequence masses above
about 35 M⊙ and continues to increase at higher masses. These large masses are due to fall back. A 1.2 B explosion is
inadequate to unbind the entire star, especially given the large helium core (Woosley et al., 2002) and effect of the reverse
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network and solid curves show the results using a 204 isotope network. Both
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of the iron core as defined by the Ye jump.
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Figure 26. Thermodynamic profiles at the onset of core collapse for the
Mi=15 M� model. Dashed curves show the results using a 22 isotope network
and solid curves show the results using a 204 isotope network. Both models
are evolved from the pre main-sequence to the onset of core collapse with
their respective reaction network. The vertical gray lines mark the mass of
the iron core as defined by the Ye jump.

masses are Mf = 13.0 and 15.2 M�. The curves fall below the
T 3

c / ⇢c scaling relation because the core becomes partially
electron degenerate, as indicated by tracks crossing the Fermi
energy EF/(kBT ) ⇡ 4 curve. Evolution towards lower density
at nearly constant temperature signals ignition of a nuclear
fuel.

Figure 25 shows the radial velocity and Ye profiles at the
onset of core collapse for the Mi = 15 M� model. Dashed
curves show the results using a 22 isotope network and solid
curves show the results using a 204 isotope network. Both
models are evolved from the pre main-sequence to the onset
of core collapse with their respective reaction network. The
vertical gray lines mark the mass of the iron core as defined
by the Ye jump, which is m ⇡ 1.43 M� for the 204 isotope
model and m ⇡ 1.59 M� for the 22 isotope model. The infall
speed has reached ⇡ 1000 km s�1 just inside these iron core
locations.
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Figure 27. Mass fraction profiles of the ten most abundant isotopes within
the iron core at the onset of core collapse for the Mi = 15 M� model evolved
with the 204 isotope network. The entire iron core is in NSE and the mass
fractions adapt to the changing temperature, density and Ye.

Figure 26 shows the thermodynamic profiles at the onset of
core collapse for the Mi=15 M� model. Dashed curves again
show the results using a 22 isotope network and solid curves
show the results using a 204 isotope network. The vertical
gray lines again mark the mass of the iron core as defined by
the Ye jump in Figure 25. The impact of these di↵erences
remains to be explored.

Figure 27 shows the mass fraction profiles of the ten most
abundant isotopes within the iron core at the onset of core
collapse for the Mi = 15 M� model evolved with the 204 iso-
tope network. Each isotope shown dominates the NSE com-
position at some location within the iron core, although we
stress that no NSE or QSE approximation was used; the same
204 isotope reaction network was used throughout the entire
model from the pre-main-sequence to the onset of core col-
lapse.

The most abundant isotopes in an NSE distribution gener-
ally have an individual Ye that is within a small range of the
local Ye. A small spread usually exists due to nuclear structure
e↵ects. For example, the dominant isotopes at the center in
Figure 27 are 49Sc and 48Ca. These isotopes have individual
Ye of 0.429 and 0.417, respectively; commensurate with the
central Ye ⇡ 0.428 shown in Figure 26. The dominant isotope
changes as the NSE distribution adapts to the rapidly decreas-
ing density profile and increasing Ye profile. All the isotopes
in the iron core eventually become part of the compact rem-
nant after the explosion. However, the thermodynamic and
composition profiles near the mass cut depend on the profiles
interior to the mass cut.

6.2. Core-collapse Supernova Explosions
The envelope shock tests described in Section 4.9 show that

the hydrodynamic solver in MESA meets the basic require-
ments for shock propagation in a star. The AGB star model
was selected because of the well behaved conditions of its
envelope — a density structure that is smooth and monotoni-
cally declining towards the stellar surface, and a uniform com-
position.

Here we explore the more challenging conditions associ-
ated with a strong shock born deep in the stellar interior of
a massive star. We study the dynamics of such a supernova

Presupernova	evolved		
from	15	Msun		
(MESA	III)		
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Uncertain*es	in	Massive	Star	Distribu*on	

ü  A	range		of	masses	
that	explode	as	SN.		

						M	>	8~10	Msun		
ü  Example	(Woosley	

and	Heger,	2007):	
12-33	Msun	by	1	Msun	
step	+	35,	40,	….,	up	
to	120	Msun	

ü  Will	all	of	massive	
stars	explode	as	SN?	
Possibility	of	black	
hole	forma*on.		

ü  Effect	of	ini*al	
metallicity	both	on	
ini*al	mass	func*on	
and	stellar	evolu*on	
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NS	vs.	BH	(or	Both?)	

ing helium core and an essentially stationary red giant
envelope would halt the rotation of the former in far less
than a helium-burning lifetime. The iron cores of mas-
sive stars, for them, collapsed without rotation, and pul-
sars acquired whatever spin they have from asymmetries
in the explosion mechanism. The magnetic torque is pro-
portional to the product of the radial component of the
field Br and the poloidal component B! . The latter can
become quite large owing to differential winding, but
will still reach a maximum given by instabilities and re-
connection. The radial field, on the other hand, is given

almost entirely by instabilities. Spruit and Phinney took
Br"B! .

More recent work by Spruit (1999, 2002), which uses a
physical model to estimate Br , suggests an important
but diminished role for magnetic torques. Using Spruit’s
new prescription, Heger, Woosley, and Spruit (2002)
find angular momenta in their presupernova models
corresponding to pulsar rotation rates that, though rapid
("10 ms), are well below breakup. Clearly this is
an area of rapid development and current great uncer-
tainty. Unfortunately it is difficult to say today whether

FIG. 16. Initial-final mass function of nonrotating stars of solar composition, similar to Fig. 12. Mass loss reduces the mass of the
envelope (blue curve) until, for a mass above "33M! the helium core is uncovered before the star reaches core collapse. At this
point the star becomes a Wolf-Rayet star and the strong Wolf-Rayet mass loss sets in. We give two scenarios for the uncertain
strength of the Wolf-Rayet-mass-loss rate: The short-dashed red and blue lines are for a high mass-loss rate. Here a ‘‘window’’ of
initial masses may exist around 50M! , where neutron stars are still formed (bound by higher- and lower-mass stars that make
black holes). For a low Wolf-Rayet mass-loss rate (long-dashed red and blue lines) the final mass at core collapse is higher and the
‘‘neutron star window’’ may not exist. Then only black boles are formed above "21M!. ‘‘RSG,’’ ‘‘WE,’’ ‘‘WC,’’ and ‘‘WO’’
indicate the type of the last mass-loss phase and also the (spectral) type of the star when it explodes. The heavy-element
production (green and green cross hatched) is given only for the low-mass-loss case [Color].

1043Woosley, Heger, and Weaver: Evolution and explosion of massive stars

Rev. Mod. Phys., Vol. 74, No. 4, October 2002

Woosley,	Heger,	&	Weaver	2002	
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A Simple Approach to the Supernova Progenitor-Explosion Connection 15
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Figure 13. Dependence of the landscape of explosion energies Eexpl (sub-panel a), gravitational remnant masses for black holes (MBH, sub-panel b) and
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masses of 15 M� by Ertl et al. (2016), and below 13 M� by
Sukhbold et al. (2016). Perego et al. (2015) relied on a rather ad
hoc prescription for boosting the neutrino heating in a pre-specified
time interval, however, and only explored a narrow mass window
between 18 M� and 21 M� in ZAMS mass. Similarly, Ertl et al.
(2016) introduced a modification of their core cooling model to

suppress the core luminosity depending on ⇠1.75, which is prompted
by an analysis of the shortcomings of the initial cooling model of
Ugliano et al. (2012), but still savours of a somewhat arbitrary solu-
tion, especially since a parameter characterising a single mass shell
in the progenitor is used to control the di↵usion luminosity from the
core at all times. Sukhbold et al. (2016) find a correlation between

MNRAS 000, 1–22 (0000)

Müller	et	al.	2016		

ü  Neutrino	flux	coming	
from	collapsing	iron	core	
whose	size	varies	with	
ini*al	mass.		

ü  Not	all	massive	stars	
explode	as	SN	leaving	a	
NS	behind.			



Galac*c	Chemical	Evolu*on	

22	

2

Fig. 1.— Growth of uncertainties in chemical evolution studies from stellar to cosmological scales. This diagram only serves as a
qualitative visualization and may not be complete.

Tumlinson 2010; Crosby et al. 2013; Yates et al. 2013;
De Lucia et al. 2014; Gómez et al. 2014; Côté et al.
2015). Usually, these models can be used in a cosmologi-
cal context by combining them with N-body simulations
and merger trees.
Chemical evolution studies can also be applied to the

circumgalactic, intergalactic, and intracluster medium.
Galactic outflows, gas stripping, and galaxy disrup-
tions are responsible for entraining enriched mate-
rial beyond the galactic scale (see Martel et al. 2012;
Beńıtez-Llambay et al. 2013; Shen et al. 2013). From
the production of the elements in stars to the enrich-
ment of intergalactic gas, there is a chain of models in-
tegrated with each other. Stellar models are actually
not the starting point of this chain – they depend on
nuclear physics for defining the production of new ele-
ments in stellar interiors (e.g., Wiescher et al. 2012) and
on hydrodynamic experiments and simulations for con-
straining the behavior of gas experiencing phenomena
such as turbulence and mixing (e.g., Meakin & Arnett
2007; Woodward et al. 2008, 2015; Arnett et al. 2010;
Herwig et al. 2014; Smith & Arnett 2014) or exposed to
more extreme conditions during supernova explosions
(e.g., Janka et al. 2012; Burrows 2013; Hix et al. 2014;
Wongwathanarat et al. 2015).
Although this chain of models offers a very efficient way

to create solid links between different scales despite the
limitation of current computational resources, it is crit-
ical to acknowledge that a great deal of uncertainty is
attached to the numerical predictions coming out of this
chain, particularly at galactic and cosmological scales.
At every scale, each model deals with their own sets of
assumptions and uncertainties. Each time a model in
the chain uses the results of the models that precede it,
it ends up implicitly including the uncertainties of these
preceding models (Figure 1). In that sense, chemical evo-
lution studies may already hide potential uncertainties
beyond observational errors. In order to move toward
a better quantification of the global level of uncertainty
pertaining to chemical evolution modeling, it is impor-
tant to establish the uncertainties at every step along
the chain. In this paper, we focus on the SSP and galac-
tic levels, as a critical component of this bigger picture
between nuclear astrophysics and cosmology simulations.
As clearly demonstrated by Romano et al. (2010), the

choice of stellar yields is a major source of uncer-
tainty in galactic chemical evolution models (see also
Gibson 1997, 2002; Wiersma et al. 2009; Mollá et al.

2015). In addition, all of those yields are af-
fected by nuclear reaction rate uncertainties (e.g.,
Rauscher et al. 2002; El Eid 2004; Herwig et al. 2006;
Tur et al. 2007, 2009, 2010; Pignatari et al. 2010, 2013b;
Iliadis et al. 2011; Wiescher et al. 2012; Parikh et al.
2013; Travaglio et al. 2014) and by stellar modeling as-
sumptions (e.g., Woosley et al. 2002; Hirschi et al. 2005;
Karakas 2014; Karakas & Lattanzio 2014; Jones et al.
2015; Lattanzio et al. 2015).
Another source of uncertainty is the input parame-

ters associated with SSPs. Romano et al. (2005) stud-
ied the impact of the IMF (see also Mollá et al. 2015)
and the stellar lifetimes, while Matteucci et al. (2009),
Wiersma et al. (2009), and Yates et al. (2013) explored
the impact of the delay-time distribution (DTD) function
used to calculate the rate of Type Ia supernovae (SNe Ia).
However, all of these studies focused on the uncertainties
resulting from the different options offered in the litera-
ture, and not on the uncertainties in the measurements
that were used to constrain the input parameters in the
first place.
The goal of the present paper is to complement the

work discussed above by using the simplest possible
model – a closed-box, single-zone model – and by ex-
ploring the impact of the uncertainties associated with
a range of input parameters corresponding to the mea-
surements of several observationally estimated quanti-
ties relating to the stellar IMF, to SNe Ia properties,
and to the global properties of the Milky Way galaxy.
We do not claim that a closed-box model is represen-
tative of the Milky Way, which is why we do not com-
pare our results with observational data in this paper.
We are only using the Galaxy as a test case to con-
strain the uncertainty of some of our input parame-
ters in order to understand how they affect our predic-
tions. More realistic chemical evolution models designed
to reproduce the Milky Way can be found in the liter-
ature (e.g., Chiappini et al. 2001; Kobayashi et al. 2011;
Minchev et al. 2013; Mollá et al. 2015; Shen et al. 2015;
van de Voort et al. 2015; Wehmeyer et al. 2015).
Our aim in this work is to place lower bounds on the

uncertainties in predictions relating to some of the most
fundamental input parameters in all chemical evolution
models. In future papers, we will expand our approach
to include galactic inflows and outflows, variable star for-
mation rates, the effect of mergers and environment, and
varied stellar evolution models and nuclear physics in-
put. Ultimately, our goal is to obtain a quantification

Cote	et	al.	2016	

ü  Slope	of	Ini*al	Mass	Func*on	
ü  Number	of	SN	Ia	
ü  Closed	Box	Model	



Galac*c	Chemical	Evolu*on 

Representa*ve	figure	showing	the	
“G-dwarf	problem”	
;	Predicted	number	of	stars(dashed)	
and	the	observed	number	
(histogram).	Woolf	and	West	(2012) 

1)  No	stars,	no	heavy	elements	ini*ally	
2)  ‘Closed	box’	–	no	gas	enters	or	leaves	

the	volume	
3)  The	gas	is	well	mixed	in	the	box	
4)  Instantaneous	recycling	
5)  The	frac*on	of	newly	synthesized	

heavy	elements	ejected	into	the	ISM	
is	constant		

The	“Simple	Model”	(Schmidt	
1963)	

N(Z):	number	of	stars		
N1					:	number	of	stars	at	
current	*me	
Z(t)	:	metallicity	at	*me	t	
p					:	yield 

Simula
*on 

observa
*on 
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High	Velocity	Clouds	(HVCs) 

Comple
x	C 

The	distribu*on	of	High	Velocity	Clouds	(HVCs)	on	
the	sky	with	the	color	represen*ng	the	LSR	
velocity.	Putman	(2012)	 

M			:	mass	of	the	approaching	HVC		
	v				:	velocity	of	the	cloud	
d					:	distance	of	the	cloud	from	the	
disk 

•  First	detected	through	the	
21cm	neutral	hydrogen	
radio	emission.	(Muller	et	al.	
1963)	

							
•  |HVCs|	>	90km/s	in	LSR	

•  Infall	rate	calculated	by	
								

		
						
	
	
Infall	rate	does	not	necessarily	
represent	the	actual	supply	
rate	of	material	to	the	disk	→	
“fuel	rate”	
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Galac*c	Chemical	Evolu*on	of	ν-Nuclei	
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Summary	
•  Neutrino	driven	nucleosynthesis	can	play	an	important	
role	in	contribu*ng	to	the	Galac*c	chemical	evolu*on.		

•  In	order	to	make	a	systema*c	es*mate	of	this	
contribu*on,	it	is	necessary	to	make	a	grid	of	1D	core-
collapse	supernova	simula*ons	by	using	pre-supernova	
profiles	evolved	from	a	reasonable	range	of	ini*al	
masses	and	metallici*es.		

•  However,	there	are	s*ll	some	uncertain*es	that	need	
to	be	clarified	further	both	observa*onally	and	
theore*cally,	such	as	distribu*on	of	massive	stars,	final	
fate	of	a	massive	star,	and	neutrino	flux	coming	from	
collapsing	iron	core	with	different	sizes.		
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Fig.	from	Prof.	Kajino	(NAOJ,	Tokyo	U.) 
Grant	Mathews	(Univ.	of	Notre	Dame)	 Baha	Balantekin		

(Univ.	of	Wisconsin)	

Myung-	Ki	Cheoun		
Khil-Seok	Yang	

Tomoyuki	Maruyama	
Takahito	Hayakawa	
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