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mass number of the nucleus by much, since only a small num-
ber of neutrons are emitted along the decay chain. Thus the 
r-process evidenced by the figure 1d peaks proceeds through
or near cadmium-130 (N = 82, A = 130) and thulium-195
(N = 126, A = 195), as shown in figure 2. The lighter 130Cd is a
rare isotope with a half-life of 160 ms, and 195Tm is an extremely
neutron-rich rare isotope of thulium that has never been ob-
served in a laboratory. 

How can such short-lived rare isotopes be produced by
neutron capture, given that first the r-process has to produce
isotopes that have fewer neutrons and that decay within a
fraction of a second? Evidently, neutron densities are ex-
tremely large and make neutron-capture rates even faster
than beta-decay rates. In some r-process models, the neutron-
capture rate is always greater than the beta-decay rate. In
those cases, it is photon bombardment in the hot stellar
plasma that removes neutrons and eventually halts the chain
of neutron captures. The r-process then has to pause until a
beta decay occurs; it is stuck at a so-called waiting point.

With some assumptions about the nuclear physics of
rare isotopes—including that N = 82 and N = 126 remain
magic numbers for neutron shell closures—it follows1 that
the production of exotic nuclei like 195Tm requires mind-
boggling free-neutron densities of up to 10 kg/cm3. Account-

ing for those extraordinary densities is a considerable chal-
lenge for theoretical astrophysics. Most current models in-
volve neutron stars in some form—for example, the neutron-
rich outflow from a proto-neutron star that forms in a
core-collapse supernova or from the merging of two neutron
stars into a black hole. All the proposed scenarios have issues
that need to be addressed. Astronomical observations and ex-
perimental nuclear data are needed to guide and ultimately
verify or falsify the theoretical possibilities.

What needs to be measured?
The beta-decay half-lives of the nuclei along the r-process
path determine the time it takes to build up heavy elements.
After all, a beta decay occurs for each step up the element
chain. Even more important, as the r-process attempts to ap-
proach a local steady flow, beta-decay half-lives set the abun-
dances of the nuclides produced at the various locations in
the path. A long half-life will slow the process and lead to a
high local abundance. Conversely, a short half-life will accel-
erate the process and lead to a low local abundance. 

Nuclear masses play an extremely important role as
well. In the interplay of neutron capture and the reverse
process of photodisintegration, the mass differences between
neighboring isotopes determine the path of the r-process for
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Figure 1. Chemical evolution in the Milky Way, from the Big Bang to the present. The iron abundance allows for rough
dating so that one can establish a record of chemical evolution. (a) Element abundances attributed to the Big Bang.
(Adapted from ref. 13.) (b) The composition of HE 1327-2326, which represents that of the oldest, most Fe-poor stars
known. This panel indicates elements contributed by the first supernovae in the galaxy. (Adapted from ref. 14.) (c) The
composition of CS 22892-052, a star much older and poorer in Fe than the Sun. The spectrum here is dominated by the
decay products of the rare isotopes produced early in the so-called r-process discussed in the text. (Data courtesy of John
Cowan; see also ref. 15.) (d) The composition of the solar system, as inferred from solar spectra and the analysis of pris-
tine meteoritic material. The peaks at mass numbers 130 and 195 are signatures of the r-process. (Adapted from ref. 16.)
The stellar observations reflected in panels b and c directly provide only an element’s atomic number. Atomic masses are
assigned based on assumptions about the nucleosynthesis process. 
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mass number of the nucleus by much, since only a small num-
ber of neutrons are emitted along the decay chain. Thus the 
r-process evidenced by the figure 1d peaks proceeds through
or near cadmium-130 (N = 82, A = 130) and thulium-195
(N = 126, A = 195), as shown in figure 2. The lighter 130Cd is a
rare isotope with a half-life of 160 ms, and 195Tm is an extremely
neutron-rich rare isotope of thulium that has never been ob-
served in a laboratory. 

How can such short-lived rare isotopes be produced by
neutron capture, given that first the r-process has to produce
isotopes that have fewer neutrons and that decay within a
fraction of a second? Evidently, neutron densities are ex-
tremely large and make neutron-capture rates even faster
than beta-decay rates. In some r-process models, the neutron-
capture rate is always greater than the beta-decay rate. In
those cases, it is photon bombardment in the hot stellar
plasma that removes neutrons and eventually halts the chain
of neutron captures. The r-process then has to pause until a
beta decay occurs; it is stuck at a so-called waiting point.

With some assumptions about the nuclear physics of
rare isotopes—including that N = 82 and N = 126 remain
magic numbers for neutron shell closures—it follows1 that
the production of exotic nuclei like 195Tm requires mind-
boggling free-neutron densities of up to 10 kg/cm3. Account-

ing for those extraordinary densities is a considerable chal-
lenge for theoretical astrophysics. Most current models in-
volve neutron stars in some form—for example, the neutron-
rich outflow from a proto-neutron star that forms in a
core-collapse supernova or from the merging of two neutron
stars into a black hole. All the proposed scenarios have issues
that need to be addressed. Astronomical observations and ex-
perimental nuclear data are needed to guide and ultimately
verify or falsify the theoretical possibilities.

What needs to be measured?
The beta-decay half-lives of the nuclei along the r-process
path determine the time it takes to build up heavy elements.
After all, a beta decay occurs for each step up the element
chain. Even more important, as the r-process attempts to ap-
proach a local steady flow, beta-decay half-lives set the abun-
dances of the nuclides produced at the various locations in
the path. A long half-life will slow the process and lead to a
high local abundance. Conversely, a short half-life will accel-
erate the process and lead to a low local abundance. 

Nuclear masses play an extremely important role as
well. In the interplay of neutron capture and the reverse
process of photodisintegration, the mass differences between
neighboring isotopes determine the path of the r-process for
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Figure 1. Chemical evolution in the Milky Way, from the Big Bang to the present. The iron abundance allows for rough
dating so that one can establish a record of chemical evolution. (a) Element abundances attributed to the Big Bang.
(Adapted from ref. 13.) (b) The composition of HE 1327-2326, which represents that of the oldest, most Fe-poor stars
known. This panel indicates elements contributed by the first supernovae in the galaxy. (Adapted from ref. 14.) (c) The
composition of CS 22892-052, a star much older and poorer in Fe than the Sun. The spectrum here is dominated by the
decay products of the rare isotopes produced early in the so-called r-process discussed in the text. (Data courtesy of John
Cowan; see also ref. 15.) (d) The composition of the solar system, as inferred from solar spectra and the analysis of pris-
tine meteoritic material. The peaks at mass numbers 130 and 195 are signatures of the r-process. (Adapted from ref. 16.)
The stellar observations reflected in panels b and c directly provide only an element’s atomic number. Atomic masses are
assigned based on assumptions about the nucleosynthesis process. 
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mass number of the nucleus by much, since only a small num-
ber of neutrons are emitted along the decay chain. Thus the 
r-process evidenced by the figure 1d peaks proceeds through
or near cadmium-130 (N = 82, A = 130) and thulium-195
(N = 126, A = 195), as shown in figure 2. The lighter 130Cd is a
rare isotope with a half-life of 160 ms, and 195Tm is an extremely
neutron-rich rare isotope of thulium that has never been ob-
served in a laboratory. 

How can such short-lived rare isotopes be produced by
neutron capture, given that first the r-process has to produce
isotopes that have fewer neutrons and that decay within a
fraction of a second? Evidently, neutron densities are ex-
tremely large and make neutron-capture rates even faster
than beta-decay rates. In some r-process models, the neutron-
capture rate is always greater than the beta-decay rate. In
those cases, it is photon bombardment in the hot stellar
plasma that removes neutrons and eventually halts the chain
of neutron captures. The r-process then has to pause until a
beta decay occurs; it is stuck at a so-called waiting point.

With some assumptions about the nuclear physics of
rare isotopes—including that N = 82 and N = 126 remain
magic numbers for neutron shell closures—it follows1 that
the production of exotic nuclei like 195Tm requires mind-
boggling free-neutron densities of up to 10 kg/cm3. Account-

ing for those extraordinary densities is a considerable chal-
lenge for theoretical astrophysics. Most current models in-
volve neutron stars in some form—for example, the neutron-
rich outflow from a proto-neutron star that forms in a
core-collapse supernova or from the merging of two neutron
stars into a black hole. All the proposed scenarios have issues
that need to be addressed. Astronomical observations and ex-
perimental nuclear data are needed to guide and ultimately
verify or falsify the theoretical possibilities.

What needs to be measured?
The beta-decay half-lives of the nuclei along the r-process
path determine the time it takes to build up heavy elements.
After all, a beta decay occurs for each step up the element
chain. Even more important, as the r-process attempts to ap-
proach a local steady flow, beta-decay half-lives set the abun-
dances of the nuclides produced at the various locations in
the path. A long half-life will slow the process and lead to a
high local abundance. Conversely, a short half-life will accel-
erate the process and lead to a low local abundance. 

Nuclear masses play an extremely important role as
well. In the interplay of neutron capture and the reverse
process of photodisintegration, the mass differences between
neighboring isotopes determine the path of the r-process for
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Figure 1. Chemical evolution in the Milky Way, from the Big Bang to the present. The iron abundance allows for rough
dating so that one can establish a record of chemical evolution. (a) Element abundances attributed to the Big Bang.
(Adapted from ref. 13.) (b) The composition of HE 1327-2326, which represents that of the oldest, most Fe-poor stars
known. This panel indicates elements contributed by the first supernovae in the galaxy. (Adapted from ref. 14.) (c) The
composition of CS 22892-052, a star much older and poorer in Fe than the Sun. The spectrum here is dominated by the
decay products of the rare isotopes produced early in the so-called r-process discussed in the text. (Data courtesy of John
Cowan; see also ref. 15.) (d) The composition of the solar system, as inferred from solar spectra and the analysis of pris-
tine meteoritic material. The peaks at mass numbers 130 and 195 are signatures of the r-process. (Adapted from ref. 16.)
The stellar observations reflected in panels b and c directly provide only an element’s atomic number. Atomic masses are
assigned based on assumptions about the nucleosynthesis process. 
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mass number of the nucleus by much, since only a small num-
ber of neutrons are emitted along the decay chain. Thus the 
r-process evidenced by the figure 1d peaks proceeds through
or near cadmium-130 (N = 82, A = 130) and thulium-195
(N = 126, A = 195), as shown in figure 2. The lighter 130Cd is a
rare isotope with a half-life of 160 ms, and 195Tm is an extremely
neutron-rich rare isotope of thulium that has never been ob-
served in a laboratory. 

How can such short-lived rare isotopes be produced by
neutron capture, given that first the r-process has to produce
isotopes that have fewer neutrons and that decay within a
fraction of a second? Evidently, neutron densities are ex-
tremely large and make neutron-capture rates even faster
than beta-decay rates. In some r-process models, the neutron-
capture rate is always greater than the beta-decay rate. In
those cases, it is photon bombardment in the hot stellar
plasma that removes neutrons and eventually halts the chain
of neutron captures. The r-process then has to pause until a
beta decay occurs; it is stuck at a so-called waiting point.

With some assumptions about the nuclear physics of
rare isotopes—including that N = 82 and N = 126 remain
magic numbers for neutron shell closures—it follows1 that
the production of exotic nuclei like 195Tm requires mind-
boggling free-neutron densities of up to 10 kg/cm3. Account-

ing for those extraordinary densities is a considerable chal-
lenge for theoretical astrophysics. Most current models in-
volve neutron stars in some form—for example, the neutron-
rich outflow from a proto-neutron star that forms in a
core-collapse supernova or from the merging of two neutron
stars into a black hole. All the proposed scenarios have issues
that need to be addressed. Astronomical observations and ex-
perimental nuclear data are needed to guide and ultimately
verify or falsify the theoretical possibilities.

What needs to be measured?
The beta-decay half-lives of the nuclei along the r-process
path determine the time it takes to build up heavy elements.
After all, a beta decay occurs for each step up the element
chain. Even more important, as the r-process attempts to ap-
proach a local steady flow, beta-decay half-lives set the abun-
dances of the nuclides produced at the various locations in
the path. A long half-life will slow the process and lead to a
high local abundance. Conversely, a short half-life will accel-
erate the process and lead to a low local abundance. 

Nuclear masses play an extremely important role as
well. In the interplay of neutron capture and the reverse
process of photodisintegration, the mass differences between
neighboring isotopes determine the path of the r-process for
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Figure 1. Chemical evolution in the Milky Way, from the Big Bang to the present. The iron abundance allows for rough
dating so that one can establish a record of chemical evolution. (a) Element abundances attributed to the Big Bang.
(Adapted from ref. 13.) (b) The composition of HE 1327-2326, which represents that of the oldest, most Fe-poor stars
known. This panel indicates elements contributed by the first supernovae in the galaxy. (Adapted from ref. 14.) (c) The
composition of CS 22892-052, a star much older and poorer in Fe than the Sun. The spectrum here is dominated by the
decay products of the rare isotopes produced early in the so-called r-process discussed in the text. (Data courtesy of John
Cowan; see also ref. 15.) (d) The composition of the solar system, as inferred from solar spectra and the analysis of pris-
tine meteoritic material. The peaks at mass numbers 130 and 195 are signatures of the r-process. (Adapted from ref. 16.)
The stellar observations reflected in panels b and c directly provide only an element’s atomic number. Atomic masses are
assigned based on assumptions about the nucleosynthesis process. 
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mass number of the nucleus by much, since only a small num-
ber of neutrons are emitted along the decay chain. Thus the 
r-process evidenced by the figure 1d peaks proceeds through
or near cadmium-130 (N = 82, A = 130) and thulium-195
(N = 126, A = 195), as shown in figure 2. The lighter 130Cd is a
rare isotope with a half-life of 160 ms, and 195Tm is an extremely
neutron-rich rare isotope of thulium that has never been ob-
served in a laboratory. 

How can such short-lived rare isotopes be produced by
neutron capture, given that first the r-process has to produce
isotopes that have fewer neutrons and that decay within a
fraction of a second? Evidently, neutron densities are ex-
tremely large and make neutron-capture rates even faster
than beta-decay rates. In some r-process models, the neutron-
capture rate is always greater than the beta-decay rate. In
those cases, it is photon bombardment in the hot stellar
plasma that removes neutrons and eventually halts the chain
of neutron captures. The r-process then has to pause until a
beta decay occurs; it is stuck at a so-called waiting point.

With some assumptions about the nuclear physics of
rare isotopes—including that N = 82 and N = 126 remain
magic numbers for neutron shell closures—it follows1 that
the production of exotic nuclei like 195Tm requires mind-
boggling free-neutron densities of up to 10 kg/cm3. Account-

ing for those extraordinary densities is a considerable chal-
lenge for theoretical astrophysics. Most current models in-
volve neutron stars in some form—for example, the neutron-
rich outflow from a proto-neutron star that forms in a
core-collapse supernova or from the merging of two neutron
stars into a black hole. All the proposed scenarios have issues
that need to be addressed. Astronomical observations and ex-
perimental nuclear data are needed to guide and ultimately
verify or falsify the theoretical possibilities.

What needs to be measured?
The beta-decay half-lives of the nuclei along the r-process
path determine the time it takes to build up heavy elements.
After all, a beta decay occurs for each step up the element
chain. Even more important, as the r-process attempts to ap-
proach a local steady flow, beta-decay half-lives set the abun-
dances of the nuclides produced at the various locations in
the path. A long half-life will slow the process and lead to a
high local abundance. Conversely, a short half-life will accel-
erate the process and lead to a low local abundance. 

Nuclear masses play an extremely important role as
well. In the interplay of neutron capture and the reverse
process of photodisintegration, the mass differences between
neighboring isotopes determine the path of the r-process for
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Figure 1. Chemical evolution in the Milky Way, from the Big Bang to the present. The iron abundance allows for rough
dating so that one can establish a record of chemical evolution. (a) Element abundances attributed to the Big Bang.
(Adapted from ref. 13.) (b) The composition of HE 1327-2326, which represents that of the oldest, most Fe-poor stars
known. This panel indicates elements contributed by the first supernovae in the galaxy. (Adapted from ref. 14.) (c) The
composition of CS 22892-052, a star much older and poorer in Fe than the Sun. The spectrum here is dominated by the
decay products of the rare isotopes produced early in the so-called r-process discussed in the text. (Data courtesy of John
Cowan; see also ref. 15.) (d) The composition of the solar system, as inferred from solar spectra and the analysis of pris-
tine meteoritic material. The peaks at mass numbers 130 and 195 are signatures of the r-process. (Adapted from ref. 16.)
The stellar observations reflected in panels b and c directly provide only an element’s atomic number. Atomic masses are
assigned based on assumptions about the nucleosynthesis process. 
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mass number of the nucleus by much, since only a small num-
ber of neutrons are emitted along the decay chain. Thus the 
r-process evidenced by the figure 1d peaks proceeds through
or near cadmium-130 (N = 82, A = 130) and thulium-195
(N = 126, A = 195), as shown in figure 2. The lighter 130Cd is a
rare isotope with a half-life of 160 ms, and 195Tm is an extremely
neutron-rich rare isotope of thulium that has never been ob-
served in a laboratory. 

How can such short-lived rare isotopes be produced by
neutron capture, given that first the r-process has to produce
isotopes that have fewer neutrons and that decay within a
fraction of a second? Evidently, neutron densities are ex-
tremely large and make neutron-capture rates even faster
than beta-decay rates. In some r-process models, the neutron-
capture rate is always greater than the beta-decay rate. In
those cases, it is photon bombardment in the hot stellar
plasma that removes neutrons and eventually halts the chain
of neutron captures. The r-process then has to pause until a
beta decay occurs; it is stuck at a so-called waiting point.

With some assumptions about the nuclear physics of
rare isotopes—including that N = 82 and N = 126 remain
magic numbers for neutron shell closures—it follows1 that
the production of exotic nuclei like 195Tm requires mind-
boggling free-neutron densities of up to 10 kg/cm3. Account-

ing for those extraordinary densities is a considerable chal-
lenge for theoretical astrophysics. Most current models in-
volve neutron stars in some form—for example, the neutron-
rich outflow from a proto-neutron star that forms in a
core-collapse supernova or from the merging of two neutron
stars into a black hole. All the proposed scenarios have issues
that need to be addressed. Astronomical observations and ex-
perimental nuclear data are needed to guide and ultimately
verify or falsify the theoretical possibilities.

What needs to be measured?
The beta-decay half-lives of the nuclei along the r-process
path determine the time it takes to build up heavy elements.
After all, a beta decay occurs for each step up the element
chain. Even more important, as the r-process attempts to ap-
proach a local steady flow, beta-decay half-lives set the abun-
dances of the nuclides produced at the various locations in
the path. A long half-life will slow the process and lead to a
high local abundance. Conversely, a short half-life will accel-
erate the process and lead to a low local abundance. 

Nuclear masses play an extremely important role as
well. In the interplay of neutron capture and the reverse
process of photodisintegration, the mass differences between
neighboring isotopes determine the path of the r-process for
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Figure 1. Chemical evolution in the Milky Way, from the Big Bang to the present. The iron abundance allows for rough
dating so that one can establish a record of chemical evolution. (a) Element abundances attributed to the Big Bang.
(Adapted from ref. 13.) (b) The composition of HE 1327-2326, which represents that of the oldest, most Fe-poor stars
known. This panel indicates elements contributed by the first supernovae in the galaxy. (Adapted from ref. 14.) (c) The
composition of CS 22892-052, a star much older and poorer in Fe than the Sun. The spectrum here is dominated by the
decay products of the rare isotopes produced early in the so-called r-process discussed in the text. (Data courtesy of John
Cowan; see also ref. 15.) (d) The composition of the solar system, as inferred from solar spectra and the analysis of pris-
tine meteoritic material. The peaks at mass numbers 130 and 195 are signatures of the r-process. (Adapted from ref. 16.)
The stellar observations reflected in panels b and c directly provide only an element’s atomic number. Atomic masses are
assigned based on assumptions about the nucleosynthesis process. 
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mass number of the nucleus by much, since only a small num-
ber of neutrons are emitted along the decay chain. Thus the 
r-process evidenced by the figure 1d peaks proceeds through
or near cadmium-130 (N = 82, A = 130) and thulium-195
(N = 126, A = 195), as shown in figure 2. The lighter 130Cd is a
rare isotope with a half-life of 160 ms, and 195Tm is an extremely
neutron-rich rare isotope of thulium that has never been ob-
served in a laboratory. 

How can such short-lived rare isotopes be produced by
neutron capture, given that first the r-process has to produce
isotopes that have fewer neutrons and that decay within a
fraction of a second? Evidently, neutron densities are ex-
tremely large and make neutron-capture rates even faster
than beta-decay rates. In some r-process models, the neutron-
capture rate is always greater than the beta-decay rate. In
those cases, it is photon bombardment in the hot stellar
plasma that removes neutrons and eventually halts the chain
of neutron captures. The r-process then has to pause until a
beta decay occurs; it is stuck at a so-called waiting point.

With some assumptions about the nuclear physics of
rare isotopes—including that N = 82 and N = 126 remain
magic numbers for neutron shell closures—it follows1 that
the production of exotic nuclei like 195Tm requires mind-
boggling free-neutron densities of up to 10 kg/cm3. Account-

ing for those extraordinary densities is a considerable chal-
lenge for theoretical astrophysics. Most current models in-
volve neutron stars in some form—for example, the neutron-
rich outflow from a proto-neutron star that forms in a
core-collapse supernova or from the merging of two neutron
stars into a black hole. All the proposed scenarios have issues
that need to be addressed. Astronomical observations and ex-
perimental nuclear data are needed to guide and ultimately
verify or falsify the theoretical possibilities.

What needs to be measured?
The beta-decay half-lives of the nuclei along the r-process
path determine the time it takes to build up heavy elements.
After all, a beta decay occurs for each step up the element
chain. Even more important, as the r-process attempts to ap-
proach a local steady flow, beta-decay half-lives set the abun-
dances of the nuclides produced at the various locations in
the path. A long half-life will slow the process and lead to a
high local abundance. Conversely, a short half-life will accel-
erate the process and lead to a low local abundance. 

Nuclear masses play an extremely important role as
well. In the interplay of neutron capture and the reverse
process of photodisintegration, the mass differences between
neighboring isotopes determine the path of the r-process for
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mass number of the nucleus by much, since only a small num-
ber of neutrons are emitted along the decay chain. Thus the 
r-process evidenced by the figure 1d peaks proceeds through
or near cadmium-130 (N = 82, A = 130) and thulium-195
(N = 126, A = 195), as shown in figure 2. The lighter 130Cd is a
rare isotope with a half-life of 160 ms, and 195Tm is an extremely
neutron-rich rare isotope of thulium that has never been ob-
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isotopes that have fewer neutrons and that decay within a
fraction of a second? Evidently, neutron densities are ex-
tremely large and make neutron-capture rates even faster
than beta-decay rates. In some r-process models, the neutron-
capture rate is always greater than the beta-decay rate. In
those cases, it is photon bombardment in the hot stellar
plasma that removes neutrons and eventually halts the chain
of neutron captures. The r-process then has to pause until a
beta decay occurs; it is stuck at a so-called waiting point.

With some assumptions about the nuclear physics of
rare isotopes—including that N = 82 and N = 126 remain
magic numbers for neutron shell closures—it follows1 that
the production of exotic nuclei like 195Tm requires mind-
boggling free-neutron densities of up to 10 kg/cm3. Account-

ing for those extraordinary densities is a considerable chal-
lenge for theoretical astrophysics. Most current models in-
volve neutron stars in some form—for example, the neutron-
rich outflow from a proto-neutron star that forms in a
core-collapse supernova or from the merging of two neutron
stars into a black hole. All the proposed scenarios have issues
that need to be addressed. Astronomical observations and ex-
perimental nuclear data are needed to guide and ultimately
verify or falsify the theoretical possibilities.

What needs to be measured?
The beta-decay half-lives of the nuclei along the r-process
path determine the time it takes to build up heavy elements.
After all, a beta decay occurs for each step up the element
chain. Even more important, as the r-process attempts to ap-
proach a local steady flow, beta-decay half-lives set the abun-
dances of the nuclides produced at the various locations in
the path. A long half-life will slow the process and lead to a
high local abundance. Conversely, a short half-life will accel-
erate the process and lead to a low local abundance. 

Nuclear masses play an extremely important role as
well. In the interplay of neutron capture and the reverse
process of photodisintegration, the mass differences between
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Figure 1. Chemical evolution in the Milky Way, from the Big Bang to the present. The iron abundance allows for rough
dating so that one can establish a record of chemical evolution. (a) Element abundances attributed to the Big Bang.
(Adapted from ref. 13.) (b) The composition of HE 1327-2326, which represents that of the oldest, most Fe-poor stars
known. This panel indicates elements contributed by the first supernovae in the galaxy. (Adapted from ref. 14.) (c) The
composition of CS 22892-052, a star much older and poorer in Fe than the Sun. The spectrum here is dominated by the
decay products of the rare isotopes produced early in the so-called r-process discussed in the text. (Data courtesy of John
Cowan; see also ref. 15.) (d) The composition of the solar system, as inferred from solar spectra and the analysis of pris-
tine meteoritic material. The peaks at mass numbers 130 and 195 are signatures of the r-process. (Adapted from ref. 16.)
The stellar observations reflected in panels b and c directly provide only an element’s atomic number. Atomic masses are
assigned based on assumptions about the nucleosynthesis process. 
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The	rapid	neutron-capture	(or	r-)	process
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r-process	abundances	measured	in	the	Sun

REQUIRED	conditions	on	the	astrophysical	environment:	

✓ high	neutron	richness	
✓ fast	expansion		
✓ high	temperatures	

➡ suggests	outElows	from	astrophysical	explosions

Kasliwal	’17

Where	does	the	r-process	take	place???
(one	of	the	longest-standing	questions	of	nuclear	astrophysics)



Main	candidates	for	r-process	sites

‣ favored	candidate	for	many	decades	
‣ core	of	massive	star	(M	>	8	Msun)	runs	out	of	nuclear	
burning	“fuel”	—>	implosion	

‣ once	core	reaches	nuclear	densities	
—>	implosion	abruptly	stops,	bounce,	explosion	shock	

‣ newly	formed	neutron	star	launches	outflows	
(“neutrino-driven	winds”)	

‣ PROBLEM:	modern	simulations	predict	proton-rich	
(not	neutron-rich!)	conditions

core-collapse	supernova	(CCSN)

ESO

‣ massive	stars	born	in	binaries	produce	NS	binaries	
‣ ~O(10)	NS	binaries	observed	in	our	Galaxy	(e.g.	Hulse-
Taylor	pulsar)	

‣ emission	of	gravitational	waves	—>	decay	of	orbit	—>	
coalescence	

‣ ejection	of	few	0.01	Msun	
‣ ejecta	neutron-rich	enough	to	enable	r-process?

NS-NS	(or	NS-BH)	merger



Kilonova:	smoking	gun	for	the	r-process

‣ radioactive	decay	of	freshly	synthesized	
material	produces	energy	(=	heat)	

‣ heating	rate	typically	declines	as	t	-1.3

Metzger	et	al.	‘10

(“Kilo”	because	1000	times		
brighter	than	a	nova)

Supernova	56Ni

‣ radioactive	heating	creates	photons	—>	random	walk	diffusion	
through	expanding	ejecta	while	density	decreases	

‣ photon	opacity	sensitive	to	detailed	composition	(very	high	for	
lanthanides)	

‣ allows	in-situ	observations	of	the	r-process

R = vt

photon	
pathejecta	expand		

with	time



GW170817	-	the	Eirst	direct	observation	of	a	NS	merger

Figure 2. Timeline of the discovery of GW170817, GRB 170817A, SSS17a/AT 2017gfo, and the follow-up observations are shown by messenger and wavelength
relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger. First, the shaded dashes represent the times when
information was reported in a GCN Circular. The names of the relevant instruments, facilities, or observing teams are collected at the beginning of the row. Second,
representative observations (see Table 1) in each band are shown as solid circles with their areas approximately scaled by brightness; the solid lines indicate when the
source was detectable by at least one telescope. Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray, and
radio bands. They are respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Section 2.1), the
Fermi-GBM and INTEGRAL/SPI-ACS lightcurves matched in time resolution and phase (see Section 2.2), 1 5×1 5 postage stamps extracted from the initial six
observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 days; Buckley et al. 2017; McCully et al. 2017b), ESO-NTT (at
tc+1.4 days; Smartt et al. 2017), the SOAR 4 m telescope (at tc+1.4 days; Nicholl et al. 2017d), and ESO-VLT-XShooter (at tc+2.4 days; Smartt et al. 2017) as
described in Section 2.3, and the first X-ray and radio detections of the same source by Chandra (see Section 3.3) and JVLA (see Section 3.4). In order to show
representative spectral energy distributions, each spectrum is normalized to its maximum and shifted arbitrarily along the linear y-axis (no absolute scale). The high
background in the SALT spectrum below 4500Å prevents the identification of spectral features in this band (for details McCully et al. 2017b).
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➡ con8irmed	long-standing	idea	that	NS	mergers	are	sites	of	heavy	element	nucleosynthesis

gravitational	waves

(on	August	17th,	2017)

gamma	rays UV+optical+IR	spectra

‣ dawn	of	new	era	of	multi-messenger	astronomy:	

- gamma-ray	burst	~1.7	sec	after	GW	signal	

- Kilonova	~1-10	days	later	

- radio,	optical,	X-ray	afterglow	~100-1000	days	later

‣ light	curve	shows	remarkable	agreement	
with	predicted	t	-1.3	behavior	

‣ strongly	suggests	that	source	of	energy	is	
radioactive	decay	of	r-process	elements

OPTICAL SPECTRA OF THE FIRST LIGO/VIRGO NEUTRON STAR MERGER 3

Figure 1. Optical spectra of the BNS merger event GW170817. SOAR and Magellan spectra have been binned by a factor 2 for
clarity. The spectra at times . 4.5 d exhibit a clear optical peak that rapidly moves red. After this time, the flux is dominated by
an IR component discussed in Chornock et al. (2017). The UV data from HST (S/N< 1, essentially an upper limit) and Swift

show blanketing at short wavelengths. Inset: blackbody fits. The early spectra are more sharply peaked than blackbody emission,
due to the deficit of blue flux. At later times, the optical data are consistent with the blue tail of a ⇠ 3000 K blackbody peaking in
the near-IR.

Table 1. Log of optical and UV spectra

MJD Phasea Telescope Instrument Camera Grism or Exposure Average Wavelength Resolution
grating time (s) airmass range (Å) (Å)

57984.0 1.5 SOAR GHTS Blue 400-M1 3⇥1200 1.6 4000–8000 6
57985.0 2.5 SOAR GHTS Blue 400-M1 3⇥900 1.6 4000–8000 6
57986.0 3.5 SOAR GHTS Blue 400-M2 3⇥900 1.6 5000–9000 6
57987.0 4.5 SOAR GHTS Red 400-M1 3⇥900 1.6 4000–8000 6
57988.1 5.5 HST STIS NUV/MAMA G230L 2000 — 1600–3200 3
57990.0 7.5 SOAR GHTS Blue 400-M2 3⇥900 1.9 5000–9000 6
57991.0 8.5 Magellan Baade IMACS f2 G300-17.5 2⇥1200 2.0 4300–9300 6
57992.0 9.5 Magellan Baade IMACS f2 G300-17.5 2⇥1350 2.1 4300–9300 6

a Phase in rest-frame days relative to GW signal.

well fit by a low-order polynomial. Wavelength calibration
was performed by comparison lamp spectra, while flux cali-
bration was achieved using standard star observations on each
night. The final calibrations were scaled to match DECam
photometry observed at the same time (Cowperthwaite et al.
2017). The spectra were corrected for a Milky Way extinc-
tion E(B - V ) = 0.1053, using the dust maps of Schlafly &
Finkbeiner (2011), and cosmological redshift. We assume that
extinction in NGC 4993 is negligible, based on modelling by
Blanchard et al. (2017a).

We additionally obtained one epoch of UV spectroscopy
through Director’s Discretionary Time with the Hubble Space

Telescope using the Space Telescope Imaging Spectrograph
(STIS) with the NUV/MAMA detector and broad G230L
grating, covering ⇠ 1500–3000 Å2. Acquisition imaging was
carried out using the clear CCD50 filter. The transient is de-
tected clearly in a pair of 90 s CCD50 exposures. However,
no trace is visible in the UV spectrum, indicating that the
source is extremely UV-faint. In an effort to use all avail-
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Metzger, et al, 2010
predictions

Cowperthwaite, et al 2017
Kilonova observations

UV+optical+IR	light	curve
Metzger	‘17



GW170817	-	the	Eirst	direct	observation	of	a	NS	merger

gravitational	waves

(on	August	17th,	2017)

gamma	rays UV+optical+IR	spectra UV+optical+IR	light	curve

Many	open	questions:	
• Conditions	in	the	outilow?	
• How	to	infer	composition	and	geometrical	shape	of	outilows	from	kilonova	signal?	
• How	to	use	kilonovae	to	measure	cosmological	distances?		
• How	to	infer	properties	of	high	density	matter?	
• What	are	the	detailed	nuclear	reactions?	—>	FAIR	
• …	

Call	for	reliable	theoretical	modeling	of	the	merger	process	
in	order	to	fully	exploit	future	observations	and	experimental	capabilities!

Figure 2. Timeline of the discovery of GW170817, GRB 170817A, SSS17a/AT 2017gfo, and the follow-up observations are shown by messenger and wavelength
relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger. First, the shaded dashes represent the times when
information was reported in a GCN Circular. The names of the relevant instruments, facilities, or observing teams are collected at the beginning of the row. Second,
representative observations (see Table 1) in each band are shown as solid circles with their areas approximately scaled by brightness; the solid lines indicate when the
source was detectable by at least one telescope. Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray, and
radio bands. They are respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Section 2.1), the
Fermi-GBM and INTEGRAL/SPI-ACS lightcurves matched in time resolution and phase (see Section 2.2), 1 5×1 5 postage stamps extracted from the initial six
observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 days; Buckley et al. 2017; McCully et al. 2017b), ESO-NTT (at
tc+1.4 days; Smartt et al. 2017), the SOAR 4 m telescope (at tc+1.4 days; Nicholl et al. 2017d), and ESO-VLT-XShooter (at tc+2.4 days; Smartt et al. 2017) as
described in Section 2.3, and the first X-ray and radio detections of the same source by Chandra (see Section 3.3) and JVLA (see Section 3.4). In order to show
representative spectral energy distributions, each spectrum is normalized to its maximum and shifted arbitrarily along the linear y-axis (no absolute scale). The high
background in the SALT spectrum below 4500Å prevents the identification of spectral features in this band (for details McCully et al. 2017b).
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clarity. The spectra at times . 4.5 d exhibit a clear optical peak that rapidly moves red. After this time, the flux is dominated by
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show blanketing at short wavelengths. Inset: blackbody fits. The early spectra are more sharply peaked than blackbody emission,
due to the deficit of blue flux. At later times, the optical data are consistent with the blue tail of a ⇠ 3000 K blackbody peaking in
the near-IR.
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an IR component discussed in Chornock et al. (2017). The UV data from HST (S/N< 1, essentially an upper limit) and Swift

show blanketing at short wavelengths. Inset: blackbody fits. The early spectra are more sharply peaked than blackbody emission,
due to the deficit of blue flux. At later times, the optical data are consistent with the blue tail of a ⇠ 3000 K blackbody peaking in
the near-IR.

Table 1. Log of optical and UV spectra

MJD Phasea Telescope Instrument Camera Grism or Exposure Average Wavelength Resolution
grating time (s) airmass range (Å) (Å)

57984.0 1.5 SOAR GHTS Blue 400-M1 3⇥1200 1.6 4000–8000 6
57985.0 2.5 SOAR GHTS Blue 400-M1 3⇥900 1.6 4000–8000 6
57986.0 3.5 SOAR GHTS Blue 400-M2 3⇥900 1.6 5000–9000 6
57987.0 4.5 SOAR GHTS Red 400-M1 3⇥900 1.6 4000–8000 6
57988.1 5.5 HST STIS NUV/MAMA G230L 2000 — 1600–3200 3
57990.0 7.5 SOAR GHTS Blue 400-M2 3⇥900 1.9 5000–9000 6
57991.0 8.5 Magellan Baade IMACS f2 G300-17.5 2⇥1200 2.0 4300–9300 6
57992.0 9.5 Magellan Baade IMACS f2 G300-17.5 2⇥1350 2.1 4300–9300 6

a Phase in rest-frame days relative to GW signal.

well fit by a low-order polynomial. Wavelength calibration
was performed by comparison lamp spectra, while flux cali-
bration was achieved using standard star observations on each
night. The final calibrations were scaled to match DECam
photometry observed at the same time (Cowperthwaite et al.
2017). The spectra were corrected for a Milky Way extinc-
tion E(B - V ) = 0.1053, using the dust maps of Schlafly &
Finkbeiner (2011), and cosmological redshift. We assume that
extinction in NGC 4993 is negligible, based on modelling by
Blanchard et al. (2017a).

We additionally obtained one epoch of UV spectroscopy
through Director’s Discretionary Time with the Hubble Space

Telescope using the Space Telescope Imaging Spectrograph
(STIS) with the NUV/MAMA detector and broad G230L
grating, covering ⇠ 1500–3000 Å2. Acquisition imaging was
carried out using the clear CCD50 filter. The transient is de-
tected clearly in a pair of 90 s CCD50 exposures. However,
no trace is visible in the UV spectrum, indicating that the
source is extremely UV-faint. In an effort to use all avail-

2 Program GO/DD 15382, P.I. Nicholl
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➡ self-consistent	modeling	requires	
expensive,	large-scale	numerical	
simulations	

➡ most	current	simulations	focus	only	on	one,	
not	all,	merger	phases…

General/special	relativistic	effects	
‣ velocities	close	to	speed	of	light	
‣ strong	space-time	curvature	around	a	NS	or	BH

Magnetic	fields	and	turbulence	
‣ transport	angular	momentum	
‣ trigger	matter	ejection

Nuclear	physics	
‣ govern	the	dynamics	of	the	merger	and	its	outflow	
‣ determine	the	nucleosynthesis	yields	

Atomic	physics	and	photon	transfer	
‣ atomic	line	lists	and	opacities	affect	kilonova	signal	
‣ non-LTE	effects	

Physics	ingredients
Neutrino	transport	
‣ crucial	for	predicting	the	weak	reactions	and	composition	(Ye)	
‣ impact	of	neutrino	oscillations	at	high	densities

Ye =
Nproton

Nproton + Nneutron
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End-to-end	models	capturing	all	phases	of	matter	ejection

Consistent models of all ejecta components
► Di6erent ejecta components of comparable mass ejected by di6erent mechanisms on 

di6erent �me scales  → challenging to model: mul�-scale mul�-physics problem  - 

8rst models on the way – Just, Vijayan, Xiong et al. 2023 (see also Kiuchi et al 2022, 

Fujibayashi et al. 2022 for short or very long-lived models; and numerous earlier studies focusing 

on individual components)
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Final	ejecta	conEiguration
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NS-torus	ejectadynamical	ejecta	BH-torus	ejecta

able to predict the final, spatial distribution of the total ejecta, a
task that can only be accomplished by end-to-end models that
capture the launch and expansion of all ejecta components and
their dynamical interaction with each other.

The dynamical ejecta, defined here as all11 material
fulfilling r(tmap)> 250 km, are launched during the merger

in a roughly spherical fashion (Bauswein et al. 2013;
Hotokezaka et al. 2013). During the subsequent evolution of
the NS remnant (tmap< tpm< tBH), neutrino emission, starting
off at rates of ∼1053 erg s−1 per neutrino species and mean
energies of ∼15, 20, and 30MeV for νe, eŌ , and νx, respectively
(see panels (g)–(i) of Figure 2), drives a thermal wind from the
NS surface with a half-opening angle of ∼20°–40° toward both
polar directions. This neutrino-driven wind (NDW), which in
most of our models dominates matter ejection during the NS
torus phase, drills through large parts (up to velocities of
v/c∼ 0.5–0.6) of the dynamical ejecta, pushing most of them

Figure 1. Snapshots of model sym-n1-a6 at different postmerger times, tpm. Panels (a)–(d) show the density ρ, radial velocity vr, electron fraction Ye, and entropy per
baryon s, as well as velocity arrows (left side) and contours of temperature T (right side). Panel (e) shows the mass fractions of lanthanides plus actinides, XLA, and of
elements in the first, second, and third r-process peaks, overlaid with green lines denoting the time-dependent location of the radial photosphere (computed as in Just
et al. 2022). Panel (f) shows a map color-coding the three main ejecta components, the opacity κ, and the effective radioactive heating rate Qheat. Panels (a)–(d) show
data from both hemispheres, and panels (e) and (f) show data from just the northern hemisphere assuming equatorial symmetry.

11 Note that we do not need to impose an additional criterion to filter out
gravitationally bound from unbound material because the time at which we
identify ejecta (100 s) is late enough to ensure that all material counted as ejecta
is indeed gravitationally unbound.
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➡ characteristic	geometric	shape	of	each	ejecta	component		
➡ end-to-end	modeling	crucial	for	reliable	kilonova	interpretation



Ejecta	composition

polar outflow is indeed driven by neutrino heating, mostly by
neutrino captures on free nucleons but with an additional boost
due to neutrino pair annihilation. Given the intrinsic angular
structure of the NDW, with the highest velocities being reached
close to the polar axis, it can be assumed that multidimensional
effects, such as collimation by the other ejecta components,
play a relevant role in explaining the high velocities. For
stronger viscosity in the NS remnant (i.e., lower nvis or higher
αvis), the neutrino luminosities, and therefore the NDW mass
fluxes (see panel (b) of Figure 2), are higher at given times due
to faster dissipation of rotational kinetic into thermal energy.
However, due to the reduced NS lifetimes, the total mass of the
NS torus ejecta (counted here as all material that isfulfilling
r(tBH)> 1000 km and not being dynamical ejecta) shows only
a modest sensitivity to viscosity, m M0.02 0.04ej

NS » –  (see
Table 1), in particular more modest than in the models of long-
lived NSs reported by Fujibayashi et al. (2020a), in which the
ejecta from the torus (which tends to be more massive for
higher viscosity) are launched entirely during the lifetime of the
NS remnant.

Once the NS collapses, the neutrino luminosities quickly
decrease, and the NDWs are mostly shut off. Consistent with
previous studies using viscous equilibrium BH tori (Fernán-
dez & Metzger 2013; Just et al. 2015a; Fujibayashi et al.
2020a), viscous matter ejection becomes operative once
neutrino cooling starts to become inefficient and dominated
by viscous heating (see panel (c) of Figure 2), and it produces
an outflow of roughly spherical geometry (see the reddish
region in the density map in panel (d) of Figure 1). This
viscously driven (and dominant) part of the BH torus outflow
carries away about 20%–40% of the torus mass at BH
formation, mtor

BH; i.e., it inherits the uncertainties connected to
viscosity imprinted on mtor

BH (see Section 3.2). Due to their
low velocities of vej

BH~ 0.03–0.06c (see Table 1), the viscous
BH torus ejecta barely interact with the faster outflow
components ejected earlier.
In models with high values of mtor

BH, we also observe,
similar to Just et al. (2016), an additional BH torus outflow
component, namely, a jetlike outflow powered by neutrino–
antineutrino pair annihilation, which transports a small

Figure 3. Mass vs. Ye histograms for models sym-n1-a6, sym-n10-a3, and asy-n1-a6 (panels (a)–(c)) and the corresponding mass fractions of synthesized elements vs.
atomic mass number using nuclear network A (panels (d)–(f)) for each ejecta component and the total ejecta (see labels). The third row shows, for model sym-n1-a6,
yields vs. atomic mass number (panel (g)) and elemental abundances (panel (h)) obtained with network B, as well as the specific radioactive heating rate for the
indicated ejecta components and networks. All yields are shown for a time (typically about 100 Myr) when all elements, except the three longest-lived Th and U
isotopes, have decayed into stable nuclei. Black circles in panels (d)–(h) show solar r-process yields (Goriely 1999) scaled to the predicted total yields of Sr, the only
confirmed element in AT 2017gfo (Watson et al. 2019; Domoto et al. 2021; Gillanders et al. 2022). Orange triangles in panel (h) denote abundances observed for the
metal-poor star HD 222925 (Roederer et al. 2022) scaled to match the solar Eu abundance. The gray dotted line in panel (i) shows the heating rate
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Ye	histogram nucleosynthesis	yields

➡ different	Ye		and	yields	for	each	ejecta	component	
➡ relative	contribution	of	each	component	only	accessible	through	end-to-end	modeling	
➡ detailed	distributions	vary	with	initial	NS	masses	and	nuclear	EOS



Kilonova	light	curve	of	end-to-end	models	—	
comparison	with	GW170817/AT2017gfo

amount of torus material in a narrow stream along the
rotation axis (see Figure 1), reaching up to velocities of
0.5–0.6c but being unable to break out from the dynamical
ejecta owing to insufficient energy supply.12 However, due to

its low mass and relatively small volume, this choked jet has
only a very small impact on the overall nucleosynthesis pattern
and KN signal.

3.4. Nucleosynthesis Yields

In all of our models, the dynamical ejecta (Figure 3, red lines)
are the main source of material with Ye< 0.25 and A> 140,
despite having a subdominant mass among the three ejecta

Figure 4. Differential mass of lanthanides and actinides per solid angle along the polar angle (panels (a) and (b)); bolometric, isotropic-equivalent luminosity and effective
(i.e., including thermalization as in Rosswog et al. 2017) heating rate (panels (c) and (d)); photospheric temperature (panels (e) and (f)); and photospheric velocities (panels (g)
and (h)). The left (right) column shows plots for all models based on the symmetric (asymmetric) binary mass configuration. The bottom three rows share the same x-axis, and
solid (dashed) lines denote quantities averaged over the entire sphere (over solid angles with θ < π/4), while black circles denote data observed in AT 2017gfo (from
Waxman et al. 2018). The crosses in panels (c) and (d) denote peak emission properties obtained from one-zone estimates (Metzger 2019) using the mass, average velocity,
and average opacity of all NS torus ejecta with Ye > 0.3. Nucleosynthesis-related properties were obtained from network A.

12 A more powerful jet that is able to break out (such as observed with
GW170817; Mooley et al. 2018) may be powered through the GR Blandford–
Znajek process (Blandford & Znajek 1977; see, e.g., Gottlieb et al. 2022 for
recent numerical models), which our postmerger simulations are unable to
describe.
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• estimate	of	kilonova	light	curve	using	
simpliiied	radiative	transfer	algorithm	

• encouraging:	good	agreement	with	
GW170817



A	step	towards	accurate	kilonova	radiative	transfer	modeling

• 3D	Monte-Carlo	radiative	transfer	including	
millions	of	atomic	lines	+	sophisticated	
thermalization	treatment	using	ARTIS	code	
(previously	used	for	thermonucl.	SNe)	

• most	detailed	kilonova	calculation	
performed	so	far	

• only	single	ejecta	component	(i.e.	not	end-to-
end	models)	—>	total	luminosity	lower	than	
AT2017gfo	

• spectra	look	remarkably	similar	to	
AT2017gfo

3D RADIATIVE TRANSFER FOR KILONOVAE 7
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Figure 4. Time series of spectra in the polar direction of the 3D AD2 model compared to reddening and redshift corrected spectra of AT2017gfo
(Pian et al. 2017; Smartt et al. 2017). The area under the spectra have been coloured by the emitting species of the last interactions of the
emerging packets. The times of the ARTIS and AT2017gfo spectra intentionally do not match.

features in the model occur at shorter wavelengths (by up to
⇠1000 Å) which might suggest that the expansion velocities
in the ejecta model are too high.

At 0.8 days, the distribution has shifted further to the red,
with stronger features and a similar spectrum to AT2017gfo at
3.41 days. There are spectral features in AT2017gfo redward
of 12000 Å that are not reproduced by our model (possibly
due to our use of uncalibrated La III and Ce III lines, see
Domoto et al. 2022 and Tanaka et al. 2023), but the approxi-
mate agreement with the polar spectrum is interesting when
contrasted with the predicted spectra in the equatorial direc-
tion. The equatorial spectrum of 3D AD2 at 0.8 days (shown
in Figure 3) is comparatively lacking in pronounced spectral
features and is much less similar to the AT2017gfo spectrum.
The closer spectral match in the polar direction of our model
independently supports the polar inclination of AT2017gfo,
which has been previously inferred with other methods that
involve different assumptions about the merger (Mooley et al.
2022).

At 0.9 days, the 3D AD2 spectral energy distribution shifts
further toward redder wavelengths, with the overall spectrum
appearing similar to AT2017gfo at 4.40 days.

These results show that forward modeling of a merger sim-
ulation that has not been tuned to match AT2017gfo, never-
theless shows remarkable similarities with observations when
viewed in the polar direction.

Figure 5. Spherically-averaged spectra at 0.8 days for the 3D AD1
(solid blue), 3D AD2 (solid orange), 1D AD1 (dashed blue), 1D AD2
(dashed orange) models.

3.5. Spherically-averaged ejecta models
Figure 5 shows the spectra at 0.8 days averaged over all

viewing directions for the models calculated in either full 3D,
or with 1D spherically-averaged ejecta with either the AD1 or
AD2 atomic datasets. Even when the same atomic dataset is

3D RADIATIVE TRANSFER FOR KILONOVAE 7

			 �			 �			 
				 
�			 
			 
�			
��*�"�$ )!����

	��

	�

	��

	��


�	


��

� �
��
)�

�
�
&�
��

	

,

�
��
' 
�(
��
#

� �
��

���
���	
� �%��	�
��������	+�������+��	���

Figure 4. Time series of spectra in the polar direction of the 3D AD2 model compared to reddening and redshift corrected spectra of AT2017gfo
(Pian et al. 2017; Smartt et al. 2017). The area under the spectra have been coloured by the emitting species of the last interactions of the
emerging packets. The times of the ARTIS and AT2017gfo spectra intentionally do not match.

features in the model occur at shorter wavelengths (by up to
⇠1000 Å) which might suggest that the expansion velocities
in the ejecta model are too high.

At 0.8 days, the distribution has shifted further to the red,
with stronger features and a similar spectrum to AT2017gfo at
3.41 days. There are spectral features in AT2017gfo redward
of 12000 Å that are not reproduced by our model (possibly
due to our use of uncalibrated La III and Ce III lines, see
Domoto et al. 2022 and Tanaka et al. 2023), but the approxi-
mate agreement with the polar spectrum is interesting when
contrasted with the predicted spectra in the equatorial direc-
tion. The equatorial spectrum of 3D AD2 at 0.8 days (shown
in Figure 3) is comparatively lacking in pronounced spectral
features and is much less similar to the AT2017gfo spectrum.
The closer spectral match in the polar direction of our model
independently supports the polar inclination of AT2017gfo,
which has been previously inferred with other methods that
involve different assumptions about the merger (Mooley et al.
2022).

At 0.9 days, the 3D AD2 spectral energy distribution shifts
further toward redder wavelengths, with the overall spectrum
appearing similar to AT2017gfo at 4.40 days.

These results show that forward modeling of a merger sim-
ulation that has not been tuned to match AT2017gfo, never-
theless shows remarkable similarities with observations when
viewed in the polar direction.

Figure 5. Spherically-averaged spectra at 0.8 days for the 3D AD1
(solid blue), 3D AD2 (solid orange), 1D AD1 (dashed blue), 1D AD2
(dashed orange) models.

3.5. Spherically-averaged ejecta models
Figure 5 shows the spectra at 0.8 days averaged over all

viewing directions for the models calculated in either full 3D,
or with 1D spherically-averaged ejecta with either the AD1 or
AD2 atomic datasets. Even when the same atomic dataset is

(Shingles	et	al.	’23,	ApJ	Letters,	accepted)



Inferring	the	ejecta	geometry	from	observed	kilonovae
(Sneppen	et	al.,	Nature	614,	7948,	2023)

Article

Extended Data Fig. 1 | Spectral series of AT2017gfo 1.4-5.4 days after the 
merger. Spectra are from the VLT/X-shooter spectrograph (grey), with best fit 
shown with a dashed black line, and the blackbody-only component indicated 
with a red dotted line and deviations from the blackbody with pink fill. 

Grey-shaded regions were not included in the fits. Darker shaded bars indicate 
telluric regions; light grey indicates overlapping noisy regions between the 
UVB, VIS and NIR arms of the spectrograph.
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Extended Data Fig. 1 | Spectral series of AT2017gfo 1.4-5.4 days after the 
merger. Spectra are from the VLT/X-shooter spectrograph (grey), with best fit 
shown with a dashed black line, and the blackbody-only component indicated 
with a red dotted line and deviations from the blackbody with pink fill. 

Grey-shaded regions were not included in the fits. Darker shaded bars indicate 
telluric regions; light grey indicates overlapping noisy regions between the 
UVB, VIS and NIR arms of the spectrograph.

• spectral	dip	(due	to	absorption	of	strontium)	used	to	constrain	
the	geometry	of	the	ejecta	

• suggests	(surprisingly)	high	degree	of	sphericity	of	ejecta	
(e.g.	useful	for	constraining	Hubble	constant)	

• difiicult	to	explain	with	numerical	simulations

Extended Data Fig. 4 | Numerical models of energy injection into an 
expanding cloud of merger ejecta. The left panel provides color maps of the 
density (left) and a tracer of the original electron fraction (Ye, right) in velocity 
space as resulting after 1 day for four ejecta models in which different amounts 
of heating energy (0, 5, 10, and 30 MeV per baryon) were injected during 
roughly the first second of expansion. While the density distribution can be 
made spherical with large injection energies, the Ye stratification remains 

nearly unchanged. The right panel shows a model where a relativistic wind  
with 60° half-opening angle around the polar axis is injected. The plots display  
the same quantities as in the left panels for four different time steps. The wind 
inflates the innermost part of the ejecta, creating a hot low-density bubble,  
and launches a shock wave, which dissipates energy predominantly in the polar 
ejecta, allowing them to spread sideways and, by that, reduce the pole-to-equator 
variation of Ye.

observed	spectra	of	AT2017gfo	+	Zits



• fast	pairwise	neutrino	ilavor	instability	grows	on	length	
scales	of	centimeters	(!)		

• may	lead	to	complete	ilavor	mixing,	e.g.:	

• moderate	boost	of	r-process	yields	
• slightly	delayed	kilonova	signal

Impact	of	neutrino	fast	Elavor	conversions
15
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FIG. 7. Left panel: Abundance distributions as functions of the atomic mass number of elements synthesized in the ejected
material in models m1, m1mix1, m1mix1f, m1mix2, and m1mix3 measured at t = 1 d after the birth of the disk. The imprint
of flavor conversions is most visible in the enhanced abundances of lanthanides. Right panel: Kilonova signal powered by
radioactive heating of synthesized material for models m1 (dashed lines) and m1mix1 (solid lines) estimated using spherically
averaged ejecta properties. The top panel shows the bolometric luminosities (black) and e↵ective heating rates (including
thermalization; grey), the bottom panel depicts AB magnitudes in selected bands. Flavor conversions induce more powerful
heating but also higher opacities, causing the peak emission to take place with nearly the same luminosity but for an extended
period of time.

always below 10GK, we start the evolution at the time
t = 0 corresponding to the start of the hydrodynamic
simulation. As anticipated from the previously found re-
duction of Ye in the ejecta, flavor conversions enhance
the production of nearly all r-process elements, while the
largest relative increase (of up to a factor of ⇠ 2 depend-
ing on the model) is observed for the lanthanides. Not
surprisingly, for di↵erent models the size of the impact
of flavor conversions on the mass fractions scales pretty
well with the size of the impact on Ye, i.e. models with
smaller reduction of Ye exhibit a milder increase of XLA

etc.
In order to assess the impact on the kilonova light

curves, we use the trajectories and results from the nu-
cleosynthesis analysis, assume constant velocities beyond
r = 109 cm, and construct spherically symmetric dis-
tributions of mass, heating rates, mass fractions of lan-
thanides plus actinides, and mean atomic mass numbers
as functions of velocity (as was also done in Ref. [37]).
We then plug these data into the spherically symmet-
ric version of the scheme described in Ref. [136], which
solves the radiative transfer equations in the M1 approxi-
mation using simplified, parametrized opacities (see [136]
for technical details of the solver). The right panels of
Fig. 7 provide the results for the two models m1 (dashed
lines) and m1mix1 (solid lines), namely the radioactive
heating rates powering the light curve and bolometric lu-
minosities (top panel) and the broadband magnitudes for
selected frequency bands (bottom panel).

The kilonova is a↵ected in two ways by the modi-

fied nucleosynthesis pattern in models with flavor oscil-
lations: First, the radioactive heating rates are boosted
at 3 <

⇠ t <⇠ 20 d by several tens of percent mostly as a
consequence of the increased abundance of 2nd-peak ele-
ments, which dominate the heating rates during this pe-
riod of time. The second e↵ect is given by the increased
opacities, which mainly result from the higher abundance
of lanthanides. Since the second e↵ect to some extent
counteracts the first e↵ect, the light curve in the model
with flavor conversions is barely more luminous until the
plateau-like peak epoch at about t ⇡ 10 d than in the
model without conversions. After the plateau the light
curve decays more slowly and reaches the asymptotic be-
havior (given by the radioactive heating rate) several
days later. The broadband light curves exhibit similar
di↵erences between both models. Overall, the impact of
fast flavor conversions on the kilonova predicted by our
models is noticeable mostly in the duration of the high-
luminosity emission.

C. Model dependence

In this section we examine the sensitivity of the find-
ings of the previous section to variations of the flavor-
mixing prescription, the chosen threshold for the onset
of flavor instabilities, the disk mass, and to replacing the
↵-viscosity with an MHD treatment.
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the conservation of the total number of neutrinos, i.e.

X

⌫

n⌫,q =
X

⌫̃

n0

⌫,q . (17)

• Case “mix1”: lepton number per family con-
served. This case assumes that both

nfam

⌫e,q = n⌫e,q � n⌫̄e,q (18)

and

nfam

⌫x,q = n⌫x,q � n⌫̄x,q (19)

are conserved. Among the three cases of flavor mix-
ing considered here, this is the case most compati-
ble with Standard Model physics, but also the most
restrictive one concerning the possible degree of fla-
vor redistribution. The remaining condition needed
to fix the mixing coe�cients, c⌫⌫̃ , is that number
equipartition shall be achieved among the species
with subdominant number densities, i.e.

min{n⌫e,q, n⌫̄e,q} = min{n⌫x,q, n⌫̄x,q}

= neq,q , (20)

which defines the quantity neq,q. The mixing equa-
tions result as follows:

n⌫e,q = neq,q +max{nfam

⌫e,q, 0} , (21a)

n⌫̄e,q = neq,q � min{nfam

⌫e,q, 0} , (21b)

n⌫x,q = neq,q +max{nfam

⌫x,q, 0} , (21c)

n⌫̄x,q = neq,q � min{nfam

⌫x,q, 0} (21d)

with

neq,q =
1

3
min{n0

⌫e,q, n
0

⌫̄e,q} +
2

3
min{n0

⌫x,q, n
0

⌫̄x,q} .

(22)

• Case “mix2”: total lepton number con-
served. This case relaxes the conditions of nfam

⌫e,q-

and nfam

⌫x,q-conservation underlying Eqs. (21a) and
assumes that neutrinos can mix across di↵erent
neutrino families while still conserving the total lep-
ton number:

ntot

q = n⌫e,q � n⌫̄e,q + 2 (n⌫x,q � n⌫̄x,q) . (23)

The resulting mixing equations are

n⌫,q =
1

3

�
n0

⌫e,q + 2n0

⌫x,q

�
, (24a)

n⌫̄,q =
1

3

�
n0

⌫̄e,q + 2n0

⌫̄x,q

�
(24b)

for ⌫ 2 {⌫e, ⌫x} and ⌫̄ 2 {⌫̄e, ⌫̄x}. This approach
to mimic the e↵ect of flavor mixing, which was as-
sumed in Refs. [83, 96], leads to a potentially higher

degree of equipartition compared to case “mix1”.
Note that this scenario violates family lepton num-
ber conservation and is therefore inconsistent with
the Standard Model of particle physics.

• Case “mix3”: total equipartition. Finally, the
case with the largest degree of flavor redistribution
is the one of complete equipartition among all six
neutrino species, i.e.

n⌫ =
1

6

�
n0

⌫e,q + n0

⌫̄e,q + 2n0

⌫x,q + 2n0

⌫̄x,q

�
(25)

for ⌫ 2 {⌫e, ⌫̄e, ⌫x, ⌫̄x}. Here, neutrinos not only
can mix across families but also with their anti-
particles. Such a case is exotic but could possibly
be realized for Majorana neutrinos in the presence
of strong magnetic fields and in beyond-Standard-
Model scenarios for the neutrino magnetic mo-
ments [124–126]. We include this scenario in order
to explore the maximal impact of flavor mixing on
the disk and its composition.

We remark that (see also Footnote 1) the above case
“mix2”, and only this case, breaks the symmetry be-
tween heavy-lepton neutrinos and their antiparticles. As
a consequence, all neutrino properties, such as luminosi-
ties and mean energies, may di↵er between ⌫x and ⌫̄x in
the model using “mix2”, whereas they are identical in all
other models.
Since our neutrino transport scheme evolves the 1st-

moment vector, with components F i
⌫,q (where i =

r, ✓,�)2, independently from the 0th moments, we also
need appropriate mixing relations for the 1st moments.
The simplest and most straightforward treatment, which
is adopted in the majority of our simulations, consists of
using the same mixing coe�cients, c⌫⌫̃ , as used for the
0th moments (cf. Eq. (16)) and to compute the flavor-
mixed flux densities of any of the four evolved species, ⌫,
as

F i
⌫,q =

X

⌫̃

c⌫⌫̃F
i,0
⌫̃,q (26)

as functions of the unmixed flux densities F i,0
⌫̃,q. This

case is equivalent to assuming that flavor mixing takes
place independently of angle in momentum space. We
also consider two models with a “mix1” treatment of the
0th moments but a slightly di↵erent, non-linear mixing
of the 1st moments, which assumes that the flux factor
at any given energy remains unchanged, i.e.

F i
⌫,q =

F i,0
⌫,q

n0
⌫,q

n⌫,q . (27)

2
We note that the fluxes in azimuthal (�) direction vanish as a

result of the approximation that the �-velocities entering the

neutrino-transport equations are neglected in our simulations

(see, e.g., Refs. [19, 37] for more details).

(Just	et	al.	PRD	105,	2022)	



Summary	and	outlook
Kilonovae	allow	to	address	many	fundamental	physics	questions	
‣ Are	NS	mergers	the	(main)	origin	of	r-process	elements?	
‣ How	does	the	r-process	operate	and	depend	on	nuclear	physics	properties?	
‣What	are	the	properties	of	high-density	matter?	
‣ How	to	constrain	the	cosmic	expansion	rate?	
‣ …

Interpretation	of	kilonova	observations	requires	reliable	modeling	
‣ all	ejecta	components	produced	during	and	after	merger	can	be	important	
‣ first	models	with	kilonova	radiative	transfer	including	self-consistent	nucleosynthesis	and	
atomic	data	

‣ intriguing	possibility	to	constrain	ejecta	geometry	from	spectral	features	
‣ nucleosynthesis	yields	and	kilonova	may	be	sensitive	to	neutrino	flavor	conversions

The	future	(kilonova)	is	bright…	
‣ plenty	more	observations	expected	with	upgraded	and	new	GW	detectors	and	EM	telescopes	
‣ develop	robust	theoretical	understanding	in	order	to	maximize	scientific	output	of	observations	
and	and	nuclear	physics	facilities	(e.g.	FAIR)	


