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SYNTHESIS OF ELEMENTS IN STARS
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the Xgcjides (Knolls Atomic Power Laboratory, April, 1956)).
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nuclear material into any other even at low energies
of interaction.
With this relatively simple picture of the structure

and interactions of the nuclei of the elements in mind,
it is natural to attempt to explain their origin by a
synthesis or buildup starting with one or the other or
both of the fundamental building blocks. The following
question can be asked: What has been the history of
the matter, on which we can make observations, which
produced the elements and isotopes of that matter in
the abundance distribution which observation yields?
This history is hidden in the abundance distribution of
the elements. To attempt to understand the sequence
of events leading to the formation of the elements it is
necessary to study the so-called universal or cosmic
abundance curve.
Whether or not this abundance curve is universal is

not the point here under discussion, It is the distribu-
tion for the matter on which we have been able to make
observations. We can ask for the history of that par-
ticular matter. We can also seek the history of the
peculiar and abnormal abundances, observed in some
stars. We can finally approach the problem of the uni-
versal or cosmic abundances. To avoid any implication
that the abundance curve is universal, when such an
implication is irrelevant, we commonly refer to the
number distribution of the atomic species as a function
of atomic weight simply as the atomic abundance dis-
tribution. In graphical form, we call it the atomic
abundance curve.
The 6rst attempt to construct such an abundance

curve was made by Goldschmidt (Go37).f An improved
curve was given by Brown (Br49) and more recently
Suess and Urey (Su56) have used the latest available
data to give the most comprehensive curve so far avail-
able. These curves are derived mainly from terrestrial,
meteoritic, and solar data, and in some cases from other
astronomical sources. Abundance determinations for
f Refer to Bibliography at end of paper.
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FIG. I,i. Schematic curve of atomic abundances as a function
of atomic weight based on the data of Suess and Urey (Su56).
Suess and Urey have employed relative isotopic abundances to
determine the slope and general trend of the curve. There is still
considerable spread of the individual abundances about the curve
illustrated, but the general features shove are now fairly well
established. These features are outlined in TaMe I,2. Note the
overabundances relative to their neighbors of the alpha-particle
nuclei A = 16, 20, ~ ~ 40, the peak at the iron group nuclei, and the
twin peaks at A =80 and 90, at 130 and 138, and at 194 and 208.

the sun were first derived by Russell (Ru29) and the
most recent work is due to Goldberg, Aller, and Muller
(6057). Acc111'a'te relative lsotoplc Rbu11daIlces al'e
available from mass spectroscopic data, and powerful
use was made of these by Suess and Urey in compiling
their abundance table. This table, together with some
solar values given by Goldberg et ul. , forms the basic
data for this paper.
It seems probable that the elements all evolved from

hydrogen, since the proton is stable while the neutron
is not. Moreover, hydrogen is the most abundant
element, and helium, which is the immediate product of
hydrogen burning by the pp chain and the CN cycle,
is the next most abundant element. The packing-frac-
tion curve shows that the greatest stability is reached
at iron and nickel. However, it seems probable that iron
and nickel comprise less than 1% of the total mass of
the galaxy. It is clear that although nuclei are tending
to evolve to the con6gurations of greatest stability,
they are still a long way from reaching this situation.
It has been generally stated that the atomic abun-

dance curve has an exponential decline to A j.00 and
is approximately constant thereafter. Although this is
very roughly true it ignores many details which are
important clues to our understanding of element syn-
thesis. These details a,re shown schematically in Fig. I,j.

65 years of Nuclear Astrophysics:
Multiple nucleosynthesis sites enriched the solar system 
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nuclear material into any other even at low energies
of interaction.
With this relatively simple picture of the structure

and interactions of the nuclei of the elements in mind,
it is natural to attempt to explain their origin by a
synthesis or buildup starting with one or the other or
both of the fundamental building blocks. The following
question can be asked: What has been the history of
the matter, on which we can make observations, which
produced the elements and isotopes of that matter in
the abundance distribution which observation yields?
This history is hidden in the abundance distribution of
the elements. To attempt to understand the sequence
of events leading to the formation of the elements it is
necessary to study the so-called universal or cosmic
abundance curve.
Whether or not this abundance curve is universal is

not the point here under discussion, It is the distribu-
tion for the matter on which we have been able to make
observations. We can ask for the history of that par-
ticular matter. We can also seek the history of the
peculiar and abnormal abundances, observed in some
stars. We can finally approach the problem of the uni-
versal or cosmic abundances. To avoid any implication
that the abundance curve is universal, when such an
implication is irrelevant, we commonly refer to the
number distribution of the atomic species as a function
of atomic weight simply as the atomic abundance dis-
tribution. In graphical form, we call it the atomic
abundance curve.
The 6rst attempt to construct such an abundance

curve was made by Goldschmidt (Go37).f An improved
curve was given by Brown (Br49) and more recently
Suess and Urey (Su56) have used the latest available
data to give the most comprehensive curve so far avail-
able. These curves are derived mainly from terrestrial,
meteoritic, and solar data, and in some cases from other
astronomical sources. Abundance determinations for
f Refer to Bibliography at end of paper.
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FIG. I,i. Schematic curve of atomic abundances as a function
of atomic weight based on the data of Suess and Urey (Su56).
Suess and Urey have employed relative isotopic abundances to
determine the slope and general trend of the curve. There is still
considerable spread of the individual abundances about the curve
illustrated, but the general features shove are now fairly well
established. These features are outlined in TaMe I,2. Note the
overabundances relative to their neighbors of the alpha-particle
nuclei A = 16, 20, ~ ~ 40, the peak at the iron group nuclei, and the
twin peaks at A =80 and 90, at 130 and 138, and at 194 and 208.

the sun were first derived by Russell (Ru29) and the
most recent work is due to Goldberg, Aller, and Muller
(6057). Acc111'a'te relative lsotoplc Rbu11daIlces al'e
available from mass spectroscopic data, and powerful
use was made of these by Suess and Urey in compiling
their abundance table. This table, together with some
solar values given by Goldberg et ul. , forms the basic
data for this paper.
It seems probable that the elements all evolved from

hydrogen, since the proton is stable while the neutron
is not. Moreover, hydrogen is the most abundant
element, and helium, which is the immediate product of
hydrogen burning by the pp chain and the CN cycle,
is the next most abundant element. The packing-frac-
tion curve shows that the greatest stability is reached
at iron and nickel. However, it seems probable that iron
and nickel comprise less than 1% of the total mass of
the galaxy. It is clear that although nuclei are tending
to evolve to the con6gurations of greatest stability,
they are still a long way from reaching this situation.
It has been generally stated that the atomic abun-

dance curve has an exponential decline to A j.00 and
is approximately constant thereafter. Although this is
very roughly true it ignores many details which are
important clues to our understanding of element syn-
thesis. These details a,re shown schematically in Fig. I,j.

65 years of Nuclear Astrophysics:
How many processes? What are their astrophysical sites?

Burbidge, Burbidge, Fowler, and Hoyle (B2FH) (1957) 
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nuclear material into any other even at low energies
of interaction.
With this relatively simple picture of the structure

and interactions of the nuclei of the elements in mind,
it is natural to attempt to explain their origin by a
synthesis or buildup starting with one or the other or
both of the fundamental building blocks. The following
question can be asked: What has been the history of
the matter, on which we can make observations, which
produced the elements and isotopes of that matter in
the abundance distribution which observation yields?
This history is hidden in the abundance distribution of
the elements. To attempt to understand the sequence
of events leading to the formation of the elements it is
necessary to study the so-called universal or cosmic
abundance curve.
Whether or not this abundance curve is universal is

not the point here under discussion, It is the distribu-
tion for the matter on which we have been able to make
observations. We can ask for the history of that par-
ticular matter. We can also seek the history of the
peculiar and abnormal abundances, observed in some
stars. We can finally approach the problem of the uni-
versal or cosmic abundances. To avoid any implication
that the abundance curve is universal, when such an
implication is irrelevant, we commonly refer to the
number distribution of the atomic species as a function
of atomic weight simply as the atomic abundance dis-
tribution. In graphical form, we call it the atomic
abundance curve.
The 6rst attempt to construct such an abundance

curve was made by Goldschmidt (Go37).f An improved
curve was given by Brown (Br49) and more recently
Suess and Urey (Su56) have used the latest available
data to give the most comprehensive curve so far avail-
able. These curves are derived mainly from terrestrial,
meteoritic, and solar data, and in some cases from other
astronomical sources. Abundance determinations for
f Refer to Bibliography at end of paper.
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FIG. I,i. Schematic curve of atomic abundances as a function
of atomic weight based on the data of Suess and Urey (Su56).
Suess and Urey have employed relative isotopic abundances to
determine the slope and general trend of the curve. There is still
considerable spread of the individual abundances about the curve
illustrated, but the general features shove are now fairly well
established. These features are outlined in TaMe I,2. Note the
overabundances relative to their neighbors of the alpha-particle
nuclei A = 16, 20, ~ ~ 40, the peak at the iron group nuclei, and the
twin peaks at A =80 and 90, at 130 and 138, and at 194 and 208.

the sun were first derived by Russell (Ru29) and the
most recent work is due to Goldberg, Aller, and Muller
(6057). Acc111'a'te relative lsotoplc Rbu11daIlces al'e
available from mass spectroscopic data, and powerful
use was made of these by Suess and Urey in compiling
their abundance table. This table, together with some
solar values given by Goldberg et ul. , forms the basic
data for this paper.
It seems probable that the elements all evolved from

hydrogen, since the proton is stable while the neutron
is not. Moreover, hydrogen is the most abundant
element, and helium, which is the immediate product of
hydrogen burning by the pp chain and the CN cycle,
is the next most abundant element. The packing-frac-
tion curve shows that the greatest stability is reached
at iron and nickel. However, it seems probable that iron
and nickel comprise less than 1% of the total mass of
the galaxy. It is clear that although nuclei are tending
to evolve to the con6gurations of greatest stability,
they are still a long way from reaching this situation.
It has been generally stated that the atomic abun-

dance curve has an exponential decline to A j.00 and
is approximately constant thereafter. Although this is
very roughly true it ignores many details which are
important clues to our understanding of element syn-
thesis. These details a,re shown schematically in Fig. I,j.
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nuclear material into any other even at low energies
of interaction.
With this relatively simple picture of the structure

and interactions of the nuclei of the elements in mind,
it is natural to attempt to explain their origin by a
synthesis or buildup starting with one or the other or
both of the fundamental building blocks. The following
question can be asked: What has been the history of
the matter, on which we can make observations, which
produced the elements and isotopes of that matter in
the abundance distribution which observation yields?
This history is hidden in the abundance distribution of
the elements. To attempt to understand the sequence
of events leading to the formation of the elements it is
necessary to study the so-called universal or cosmic
abundance curve.
Whether or not this abundance curve is universal is

not the point here under discussion, It is the distribu-
tion for the matter on which we have been able to make
observations. We can ask for the history of that par-
ticular matter. We can also seek the history of the
peculiar and abnormal abundances, observed in some
stars. We can finally approach the problem of the uni-
versal or cosmic abundances. To avoid any implication
that the abundance curve is universal, when such an
implication is irrelevant, we commonly refer to the
number distribution of the atomic species as a function
of atomic weight simply as the atomic abundance dis-
tribution. In graphical form, we call it the atomic
abundance curve.
The 6rst attempt to construct such an abundance

curve was made by Goldschmidt (Go37).f An improved
curve was given by Brown (Br49) and more recently
Suess and Urey (Su56) have used the latest available
data to give the most comprehensive curve so far avail-
able. These curves are derived mainly from terrestrial,
meteoritic, and solar data, and in some cases from other
astronomical sources. Abundance determinations for
f Refer to Bibliography at end of paper.
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FIG. I,i. Schematic curve of atomic abundances as a function
of atomic weight based on the data of Suess and Urey (Su56).
Suess and Urey have employed relative isotopic abundances to
determine the slope and general trend of the curve. There is still
considerable spread of the individual abundances about the curve
illustrated, but the general features shove are now fairly well
established. These features are outlined in TaMe I,2. Note the
overabundances relative to their neighbors of the alpha-particle
nuclei A = 16, 20, ~ ~ 40, the peak at the iron group nuclei, and the
twin peaks at A =80 and 90, at 130 and 138, and at 194 and 208.

the sun were first derived by Russell (Ru29) and the
most recent work is due to Goldberg, Aller, and Muller
(6057). Acc111'a'te relative lsotoplc Rbu11daIlces al'e
available from mass spectroscopic data, and powerful
use was made of these by Suess and Urey in compiling
their abundance table. This table, together with some
solar values given by Goldberg et ul. , forms the basic
data for this paper.
It seems probable that the elements all evolved from

hydrogen, since the proton is stable while the neutron
is not. Moreover, hydrogen is the most abundant
element, and helium, which is the immediate product of
hydrogen burning by the pp chain and the CN cycle,
is the next most abundant element. The packing-frac-
tion curve shows that the greatest stability is reached
at iron and nickel. However, it seems probable that iron
and nickel comprise less than 1% of the total mass of
the galaxy. It is clear that although nuclei are tending
to evolve to the con6gurations of greatest stability,
they are still a long way from reaching this situation.
It has been generally stated that the atomic abun-

dance curve has an exponential decline to A j.00 and
is approximately constant thereafter. Although this is
very roughly true it ignores many details which are
important clues to our understanding of element syn-
thesis. These details a,re shown schematically in Fig. I,j.
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Another messenger from NSMs: MeV gamma rays from fission

Wang, Vassh+20 (ApJ Letters 903, L3)
using GEF inputs from Vassh+19 (J. Phys. G 46, 065202)
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Figure 20. Dynamical ejecta sensitivity to the EOS. Left panel : electron fraction. Right panel : nucleosynthetic yields. All abundance
curves are normalized by fixing the overall fraction of elements with 180  A  200. The total ejecta mass shows depends sensitively on
the EOS, however electron fraction and nucleosynthetic yields appear to be insensitive to the EOS.

where L⌫e and L⌫̄e are the luminosities for electron neu-
trinos and antineutrinos, ✏⌫ ⌘ hE2

⌫i/hE⌫i, E⌫ is the
neutrino energy, hxi the average of x over the neu-
trino distribution function, and � is the mass di↵er-
ence between neutrons and protons in vacuum. Dur-
ing the early post merger phase, L⌫̄e & L⌫e , while elec-
tron antineutrinos are significantly hotter than neutrinos
(hE⌫̄ei ⇡ 15 MeV > hE⌫ei ⇡ 10 MeV, e.g. Dessart et al.
2009; Perego et al. 2014; Foucart et al. 2016b). Thus,
(Ye)eq . 0.45 and r-process nucleosynthesis can occurs.
However, due to the small neutron-to-seed ratio, only
nuclei with A . 130 can be synthetized and this ejecta
is expected to contribute to the first r-process peak. If
the dynamical ejecta is dominated by the tidal compo-
nent and is poor of first peak r-process elements, the
neutrino-driven wind can complement the nucleosynthe-
sis and lead to the production of all r-process elements
(Martin et al. 2015).

If a massive disk forms after the merger, viscously-
driven ejection, occurring over the disk lifetime, can be-
come the dominant source of ejecta from a BNS merger
(see Sec. 3.2). Viscous hydrodynamics simulations of
the long term disk evolution, mainly performed in ax-
isymmetry assuming a BH-torus system, showed that,
if the disk becomes transparent to neutrinos, the rapid
decrease in temperature makes neutrino cooling ine�-
cient and the disk becomes convectively unstable (e.g.
Fernández & Metzger 2013; Just et al. 2015). The re-
sulting large scale mixing, combined with the long time
scale over which neutrino-matter interactions can occur,
produces a rather uniform, broad distribution of Ye in
the ejecta. In particular, it was found that the result-
ing distribution has 0.1 . Ye . 0.45 and all r-process
elements from the first to the third peak, as well as Ura-
nium and Thorium, can be synthesized in proportions
close to solar (e.g. Wu et al. 2016).

Recent 3D GRMHD simulations of a BH disk torus
(Siegel & Metzger 2017; Fernández et al. 2018) con-
firmed the presence of a self-regulating mechanism based
on electron degeneracy in the disk mid-plane that en-
sures the presence of a reservoir of neutron rich material
(Ye ⇠ 0.1). This results in the production of neutron
rich outflows (hYei ⇠ 0.2). The resulting nucleosynthesis
yields all r-process elements between the second and the
third peak. If the kinetic energy dissipation in the inner-

most part of the disk results in a significant neutrino lu-
minosity, neutrino absorption increases the electron frac-
tion of the ejecta, producing also elements down to the
first peak. Neutrino influence on the properties of the
viscous ejecta can be even more relevant in the presence
of a long-lived massive neutron star. This is expected to
emit a large amount of neutrinos over the di↵usion time
scale (a few seconds; e.g., Dessart et al. 2009; Perego
et al. 2017b). The high neutrino flux is expected to un-
bind matter in a neutrino-driven wind during the first
tens of ms after the merger (Dessart et al. 2009; Perego
et al. 2014; Fujibayashi et al. 2017) and can further in-
crease the electron fraction of the viscous ejecta. For a
very long lived massive neutron star, the properties of
the neutrino- and viscously-driven ejecta could become
similar and the resulting r-process nucleosynthesis in the
viscous ejecta could be limited to the first and second
r-process peaks (Lippuner et al. 2017).

4.3. E↵ect of the Thermodynamic History of the Ejecta

In principle, nucleosynthesis in the ejecta should be
calculated by following the non-equilibrium evolution of
the materials composition as it is advected along with
the fluid flow and potentially undergoes mixing. Such
an approach would require tracking the large number
of isotopic abundances needed to follow the r-process
flow along with adding sti↵, coupled source terms to the
composition equations. Such an approach is too compu-
tationally expensive, but it would include the possible
feedback on the ejecta dynamics of nuclear heating and
composition based changes to the EOS (Metzger et al.
2010). The next level of approximation to the nucle-
osynthesis in the outflows would be following nucleosyn-
thesis in Lagrangian tracers of the flow, while ignoring
the backreaction of nucleosynthesis on the flow dynam-
ics. This is likely to be a very reasonable approximation,
since the nuclear energy release is only likely to be im-
portant to the dynamics of a small amount of marginally
bound material. Nevertheless, nuclear burning will pro-
duce entropy in these fluid elements which may change
the nuclear flow. Therefore, most calculations of nucle-
osynthesis in binary NS merger ejecta involve taking den-
sity histories, ⇢(t), of Lagrangian tracers and evolving the
composition and entropy of the material in time starting
at t0, with entropy s0 and electron fraction Ye,0 extracted
from the simulation output using a self-heating nuclear

NS merger dynamical ejecta: dependence on the NS EOS

Radice+19

Hot, shocked 
ejecta 

Dynamical ejecta

Foucart+16

Very neutron-
rich cold, tidal 
ejecta

NSM simulations with EOS variations by Radice+19 found:

* Stiff EOSs such as BHBΛ𝜙 and DD2 typically have less tidally 
dominated ejecta than softer EOSs such as LS220 and SFHo

* Softer EOSs eject more mass overall
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BNS example:
1. Event identification + EM follow-up
2. NS EOS
3. NS merger rate in the local universe
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Models / mass ejection combos that require 
a lower LIGO rate can be ruled out

Models / mass ejection combos that require 
a higher LIGO rate implies the need for 
additional astrophysical sources

Do binary NSMs make enough 
heavy elements?

Côté, Vassh+22 (in prep)
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Previous analysis considered Eu only, 
now extended to all r-process 
dominated elements
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techniques. Generally, decay properties can be studied with the lowest beam intensities

and therefore for the most neutron-rich nuclei accessible, while masses require somewhat

higher beam intensities, and reaction studies are only possible closer to stability where

beam intensities are still higher. In the following we discuss various experimental

approaches in more detail.

6.1. Masses

There are many methods to determine binding energies of nuclei. In the past decade

a large number of mass measurements of neutron-rich nuclei have been performed,

approaching, and in some places reaching, the path of the r-process (Fig. 7). Until

recently, mass measurements of nuclides in the r-process path have been rare, and

measurements lag behind decay studies that have reached much more neutron-rich

nuclei. This is about to change as new facilities are coming online and developments

of experimental devices for mass measurements of exotic nuclei are completed. New

facilities that are already operating and will provide a large number of r-process masses

in the very near future include CARIBU at ANL and RIBF at RIKEN.

N=50	
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N=126	

ANL	Trap:	Mass	

Jyvaskyla	
Trap:	Mass	
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Figure 7. Recent r-process motivated experiments measuring masses or �-decay half-
lives T1/2 at various radioactive beam facilities. The colors of the legend boxes match
the colors of the chart and denote a specific facility or experimental collaboration. The
pink area denotes the reach of the future FRIB facility.

Experimental mass values are not only needed as input for r-process models, but

are also essential for validating theoretical mass models since some of the r-process

nuclei are not experimentally reachable today and thus the simulations have to rely on

theoretical mass predictions. As discussed below in Secs. 7.1.1 and 7.2.1, current energy

density functionals used in DFT calculations of nuclear masses ere deficient near the

Horowitz+18

Worldwide experimental campaigns 
to measure the properties of 
neutron-rich nuclei: 
masses, half-lives, 
reaction rates…

Opportunities for progress in 
nuclear astrophysics

r-process 
path
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Worldwide experimental campaigns 
to measure the properties of 
neutron-rich nuclei: 
masses, half-lives, 
reaction rates…

Opportunities for progress in 
nuclear astrophysics

Eu (Z=63)

Developments in 
nuclear theory:
Structure theory (masses, 
deformation…), reaction 
theory (capture cross 
sections…), fission yields 
and rates, and b-decay 
rates….

Mumpower+15

r-process 
path
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How do current gravitational wave 
detections inform this picture?

Some thoughts:
1. NS merger rates as a function of 

cosmic time with advanced ground-
based detectors (Cosmic Explorer)

2. Supermassive BH merger rates 
inform galaxy evolution sims 
(insights on star formation) (LISA)

3. Insights on WDWD merger rate 
(LISA) (WD+WD = SN1a progenitor? 
Informs Fe production in GCE sims)

future



Nicole Vassh
TRIUMF Theory Group

LISA Canada Workshop, 
August 25, 2022

Thank you! Merci!


