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Production of heavy
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• Neutron density & temperature
• (n,g) cross section
• Half lives



Typical neutron

density profile 

in time:

Neutron source 13C(a,n) 16O 22Ne(a,n) 25Mg

Activation Interpulse phase 

(radiative conditions)

T~108 K

Thermal pulse 

(convective conditions)

T≥2.5 108 K

Timescale 104 yr 10 yr

Neutron exposure 0.3 mbarn-1 0.02 mbarn-1

Note It is the MAIN neutron 

source 

Important for key branching points

(e.g. 87Rb and 96Zr production)

s-process peaks

1. First peak light s-elements (ls)  Sr, Y, Zr

(N=50)

2. Second peak  heavy s-elements (hs)  Ba, La, 

Ce, Nd, Sm (N=90)

3. Third peak          Lead (208Pb) N=126 and Z=82

in comparison with previous attempts at fitting the SiC iso-
topic abundances, as available in the literature. This com-
parison is therefore at the base of the discussion
presented in Section 5.

5. DISCUSSION

Besides the Liu et al. (2015) analysis, a few other
attempts were made at reproducing the measurements dis-
cussed so far making use of a database for neutron capture
cross sections comparable to the one we adopt here. They

were made using exploratory descriptions for the 13C
pocket, as outlined in the previous sections (see also, e.g.,
Liu et al., 2014a; Liu et al., 2014b; Lugaro et al., 2014).
Our examples presented in Figures from Figs. 4–8 compare
well with the best results obtained by the above authors and
have the advantage of deriving from a physically-based
approach. There are also some significant improvements,
revealed by our fits. An example of this concerns strontium.
While Liu et al. (2015) could explain the whole range of
measurements for 88Sr/86Sr with their models, the same
was not true for 87Sr/86Sr; for it, d values in excess of zero
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Fig. 7. An example of a three-isotope plot for Ba. The measurements of dð138Ba=136BaÞ and dð135Ba=136BaÞ are from the WUSTL database
and from Liu et al. (2015). Our nucleosynthesis models are the same as in previous figures. The notations used are the same as in Figs. 5 and 6.
Shaded areas cover the region of the models in Liu et al. (2014a). (A color version of this figure is available in the online journal.)
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Fig. 8. A comparison between our model predictions and d values for 88Sr/86Sr and 135Ba/136Ba, as presented in Liu et al. (2015) and in the
WUSTL database. Dark dots represent data with error bars smaller than 100% of the measurements themselves. Shaded areas display the
regions covered by some existing calculations reported by Liu et al. (2015) (see discussion in the text). (A color version of this figure is
available in the online journal.)
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The s-process: 

2 sources

3 peaks
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The s-process: 

2 sources

3 peaks

some open questions

in comparison with previous attempts at fitting the SiC iso-
topic abundances, as available in the literature. This com-
parison is therefore at the base of the discussion
presented in Section 5.

5. DISCUSSION

Besides the Liu et al. (2015) analysis, a few other
attempts were made at reproducing the measurements dis-
cussed so far making use of a database for neutron capture
cross sections comparable to the one we adopt here. They

were made using exploratory descriptions for the 13C
pocket, as outlined in the previous sections (see also, e.g.,
Liu et al., 2014a; Liu et al., 2014b; Lugaro et al., 2014).
Our examples presented in Figures from Figs. 4–8 compare
well with the best results obtained by the above authors and
have the advantage of deriving from a physically-based
approach. There are also some significant improvements,
revealed by our fits. An example of this concerns strontium.
While Liu et al. (2015) could explain the whole range of
measurements for 88Sr/86Sr with their models, the same
was not true for 87Sr/86Sr; for it, d values in excess of zero
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is yet another very useful tool for nuclear astrophysicists
made available by Ernst Zinner and his colleagues.

For Zr isotopes we also analyzed the measurements by
Akram et al. (2015). However, they are hardly comparable
with the rest of the data. Indeed, they refer not to individual
presolar grains, but to bulk meteoritic samples (Calcium
Alluminum Inclusions, chondrites, etc.). Due to this fact,
the anomalies are enormously diluted and the effects mea-
sured are extremely small (epsilon units, i.e. parts per ten
thousands, instead of tens or hundreds of parts per mill).
Due to this reason, those measured anomalies (also having
large error bars) cannot provide any real constraint to our
models, being essentially compatible with zero at our level
of accuracy.

Since the rest of the sample contains data with very dif-
ferent measurement precision, we report in a darker color
the grains having error bars that do not exceed a certain
limit. Normally, this limit is set to 70% of the measurements
themselves; in the case of Sr, with larger error bars, we
chose instead a limit of 100%, to have a sufficient number
of data points.

Examples of the comparisons between our predictions
for isotopic and elemental ratios, pulse after pulse, and
the measured data are included in Figures from 4–10. The
model lines are characterized by dots that represent the var-
ious TPs: open symbols refer to the O-rich phase of the evo-
lution, filled symbols to the C-rich phase. We remind that,
although SiC grains are obviously carbon-based solids,
recent work on non-equlibrium chemistry in circumstellar
envelopes seems to permit, in principle, the formation of
both O-rich and C-rich molecules for virtually any compo-
sition of the environment, thanks to many complex phe-
nomena, including the photo-dissociation and re-assembly
of previously formed compounds. According to

Cherchneff (2006), it seems reasonable to accept that a
two-component (silicate-carbon) dust may form when the
C/O ratio is sufficiently high, even before it formally
reaches unity, along the AGB evolution. These suggestions,
however, have for the moment only limited observational
confirmations. Olofsson et al. (1998) did actually find C-
rich compounds like the HCN molecule in O-rich environ-
ments. Nevertheless, the formation of C-bearing refractory
dust particles like SiC grains is probably more difficult and
still needs to be proven through real observations of the
mid-infrared SiC features in O-rich envelopes. In general,
the studies of condensation sequences out of equilibrium
are far from being clarified and are still highly debated.
With these warnings in mind, we include in our model
curves also the TPs before the envelope formally reaches
C/O > 1, but (as mentioned above) marking clearly the C-
rich phase by using different symbols.

We choose here to show, for example, a limited (but
hopefully sufficient) set of comparisons between model
predictions and measurements, plotting some of the most
representative isotopic ratios for light as well as for
heavy s-elements (often referred to as ls and hs,
respectively).

We included strontium isotopes (Fig. 4) because a pro-
duction of strontium stronger than in previous models is
a characteristic of the calculations by Trippella et al.
(2016). For it, we adopted as a reference nucleus 86Sr, (as
done by Liu et al., 2015). We do not present d values for
isotopic ratios including 84Sr, because it is a p-only nucleus,
which is only destroyed in s-processing. This fact makes its
envelope abundance a direct consequence of the assumed
initial one. Since the abundances of p-nuclei in presolar
stars are uncertain, they would add a potentially unknown
systematic error in the model curves.
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Fig. 4. Comparison between our model predictions and presolar-grain relative isotopic abundances for Sr. The plot reports d (per mill) values
for the ratios 88Sr/86Sr and 87Sr/86Sr. Data points (full dots) refer to measurements from Liu et al. (2015) and from the WUSTL database (see
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from 1.5 to 3M! and metallicity from 1=3 solar to solar. The choices for the mass loss parameter g are indicated. The isotopic shifts relative to
the stellar G-component are included to show the maximum effect achievable by nucleosynthesis processes. See discussions in the text. (A
color version of this figure is available in the online journal.)
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is yet another very useful tool for nuclear astrophysicists
made available by Ernst Zinner and his colleagues.

For Zr isotopes we also analyzed the measurements by
Akram et al. (2015). However, they are hardly comparable
with the rest of the data. Indeed, they refer not to individual
presolar grains, but to bulk meteoritic samples (Calcium
Alluminum Inclusions, chondrites, etc.). Due to this fact,
the anomalies are enormously diluted and the effects mea-
sured are extremely small (epsilon units, i.e. parts per ten
thousands, instead of tens or hundreds of parts per mill).
Due to this reason, those measured anomalies (also having
large error bars) cannot provide any real constraint to our
models, being essentially compatible with zero at our level
of accuracy.

Since the rest of the sample contains data with very dif-
ferent measurement precision, we report in a darker color
the grains having error bars that do not exceed a certain
limit. Normally, this limit is set to 70% of the measurements
themselves; in the case of Sr, with larger error bars, we
chose instead a limit of 100%, to have a sufficient number
of data points.

Examples of the comparisons between our predictions
for isotopic and elemental ratios, pulse after pulse, and
the measured data are included in Figures from 4–10. The
model lines are characterized by dots that represent the var-
ious TPs: open symbols refer to the O-rich phase of the evo-
lution, filled symbols to the C-rich phase. We remind that,
although SiC grains are obviously carbon-based solids,
recent work on non-equlibrium chemistry in circumstellar
envelopes seems to permit, in principle, the formation of
both O-rich and C-rich molecules for virtually any compo-
sition of the environment, thanks to many complex phe-
nomena, including the photo-dissociation and re-assembly
of previously formed compounds. According to

Cherchneff (2006), it seems reasonable to accept that a
two-component (silicate-carbon) dust may form when the
C/O ratio is sufficiently high, even before it formally
reaches unity, along the AGB evolution. These suggestions,
however, have for the moment only limited observational
confirmations. Olofsson et al. (1998) did actually find C-
rich compounds like the HCN molecule in O-rich environ-
ments. Nevertheless, the formation of C-bearing refractory
dust particles like SiC grains is probably more difficult and
still needs to be proven through real observations of the
mid-infrared SiC features in O-rich envelopes. In general,
the studies of condensation sequences out of equilibrium
are far from being clarified and are still highly debated.
With these warnings in mind, we include in our model
curves also the TPs before the envelope formally reaches
C/O > 1, but (as mentioned above) marking clearly the C-
rich phase by using different symbols.

We choose here to show, for example, a limited (but
hopefully sufficient) set of comparisons between model
predictions and measurements, plotting some of the most
representative isotopic ratios for light as well as for
heavy s-elements (often referred to as ls and hs,
respectively).

We included strontium isotopes (Fig. 4) because a pro-
duction of strontium stronger than in previous models is
a characteristic of the calculations by Trippella et al.
(2016). For it, we adopted as a reference nucleus 86Sr, (as
done by Liu et al., 2015). We do not present d values for
isotopic ratios including 84Sr, because it is a p-only nucleus,
which is only destroyed in s-processing. This fact makes its
envelope abundance a direct consequence of the assumed
initial one. Since the abundances of p-nuclei in presolar
stars are uncertain, they would add a potentially unknown
systematic error in the model curves.
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in comparison with previous attempts at fitting the SiC iso-
topic abundances, as available in the literature. This com-
parison is therefore at the base of the discussion
presented in Section 5.

5. DISCUSSION

Besides the Liu et al. (2015) analysis, a few other
attempts were made at reproducing the measurements dis-
cussed so far making use of a database for neutron capture
cross sections comparable to the one we adopt here. They

were made using exploratory descriptions for the 13C
pocket, as outlined in the previous sections (see also, e.g.,
Liu et al., 2014a; Liu et al., 2014b; Lugaro et al., 2014).
Our examples presented in Figures from Figs. 4–8 compare
well with the best results obtained by the above authors and
have the advantage of deriving from a physically-based
approach. There are also some significant improvements,
revealed by our fits. An example of this concerns strontium.
While Liu et al. (2015) could explain the whole range of
measurements for 88Sr/86Sr with their models, the same
was not true for 87Sr/86Sr; for it, d values in excess of zero
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could not be reproduced (see Figs. 5 and 7 in that paper).
Also in our case, the range for 88Sr/86Sr is accounted for
completely, while some of the measurements for 87Sr/86Sr
are not fitted: however, the models presented in our
Fig. 4 achieve higher d values than in previous work (about
100, instead of 0). This fact is directly related to the remark-
able modifications in the ls nuclei obtained in our s-process
distributions with respect to previous attempts, with a
stronger contribution to Sr isotopes coming from the main
component of the s-process Trippella et al. (2016).

Another remarkable case concerns zirconium. For it,
Lugaro et al. (2014) had difficulties in explaining the highest
values of the 96Zr/94Zr and 92Zr/94Zr ratios (see their Figs. 3
and 4, central panels); similarly, Liu et al. (2014b) met dif-

ficulties for some low values of 91Zr/94Zr (see the differently
shaded areas in our Figs. 5 and 6). These problems are now
considerably reduced in our results, albeit not completely
solved. The curves referring to the G-component show that
improvements on this comparison require to consider cases
in which the dilution with the envelope is lower, i.e. where
the composition is closer to that of pure s-processed
material.

As discussed in Liu et al. (2014a), Liu et al. (2014b) and
Liu et al. (2015), working inside the scenario of the
so-called ‘‘Torino group”, which is at the base of their
work, these authors could not reproduce acceptably the
data; they had therefore to make exploratory adjustments
of the shape and abundances of the 13C pocket. In our case,
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However, to calibrate this “cosmic clock” the 
half lives of  the long lived one in stellar 
environments has to be estimated properly.
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ABSTRACT

Material ejected during (or immediately following) the merger of two neutron stars may assemble
into heavy elements by the r-process. The subsequent radioactive decay of the nuclei can power
electromagnetic emission similar to, but significantly dimmer than, an ordinary supernova. Identifying
such events is an important goal of future transient surveys, o↵ering new perspectives on the origin
of r-process nuclei and the astrophysical sources of gravitational waves. Predictions of the transient
light curves and spectra, however, have su↵ered from the uncertain optical properties of heavy ions.
Here we consider the opacity of expanding r-process material and argue that it is dominated by line
transitions from those ions with the most complex valence electron structure, namely the lanthanides.
For a few representative ions, we run atomic structure models to calculate radiative data for tens
of millions of lines. We find that the resulting r-process opacities are orders of magnitude larger
than that of ordinary (e.g., iron-rich) supernova ejecta. Radiative transport calculations using these
new opacities indicate that the transient emission should be dimmer and redder than previously
thought. The spectra appear pseudo-blackbody, with broad absorption features, and peak in the
infrared (⇠ 1 µm). We discuss uncertainties in the opacities and attempt to quantify their impact on
the spectral predictions. The results have important implications for observational strategies to find
and study the radioactively powered electromagnetic counterparts to compact object mergers.

1. INTRODUCTION

Hydrodynamical simulations suggest that a small frac-
tion of mass is ejected when two neutron stars (or a black
hole and neutron star) collide or merge (Janka et al. 1999;
Rosswog et al. 1999; Lee 2001; Rosswog 2005; Oechslin
et al. 2007; Chawla et al. 2010; Shibata & Taniguchi 2011;
Hotokezaka et al. 2013). If this ejecta is su�ciently neu-
tron rich, it will assemble within seconds into heavy el-
ements via rapid neutron captures (the r-process) (Lat-
timer & Schramm 1974; Eichler et al. 1989; Freiburghaus
et al. 1999). The subsequent beta decay of the nu-
clei will heat the ejecta for days, powering a thermal,
supernova-like transient (Li & Paczyński 1998). Because
the ejected mass is small in comparison to ordinary su-
pernovae (SNe), the light curves of these “r-process su-
pernovae” are expected to be relatively dim and short
lived. Previous radiative models predict peak bolometric
luminosities around 1040�1042 ergs s�1, peaking at opti-
cal wavelengths and lasting around a day (Li & Paczyński
1998; Kulkarni 2005; Metzger et al. 2010; Roberts et al.
2011; Goriely et al. 2011; Piran et al. 2012).
Although we have not yet discovered an r-process SN

from a neutron star merger (NSM), there are compelling
reasons to look for them. Because these outflows are
non-relativistic, they emit radiation relatively isotropi-
cally, and are therefore promising electromagnetic coun-
terparts to gravitational wave sources; if discovered coin-
cidently, they could enhance the scientific value of an ad-
vanced LIGO/VIRGO gravitational wave signal (Schutz
1986; Kochanek & Piran 1993; Sylvestre 2003; Phinney
2009; Mandel & O’Shaughnessy 2010; Metzger & Berger
2012; Kelley et al. 2012; Nissanke et al. 2012). Discovery
of r-process SNe would also dramatically illuminate our
incomplete understanding of heavy element production

in the Universe. The NSM ejecta is thought to be a re-
markably pure sample of r-process material, which would
allow us to cleanly study heavy elements near their pro-
duction site, and soon after they had been created. In
principle, analysis of the light curves and spectra of these
radioactive transients could be used to quantify the mass
and chemical composition of the ejecta, which would clar-
ify the unknown site(s) of r-process nucleosynthesis (e.g.,
Arnould et al. 2007; Sneden et al. 2008).
Perhaps the largest remaining uncertainty in our un-

derstanding of r-process SNe has concerned the opacity
of the ejected debris, which (along with the ejecta mass
and kinetic energy) is a key parameter determining the
brightness, duration, and color of the transient. The
ejecta of NSMs consists of heavy elements in rapid di↵er-
ential expansion, and at relatively low densities and tem-
peratures (⇢ ⇠ 10�13 g cm�3 and T ⇠ 5000 K at 1 day
after ejection). Because almost nothing is known about
the optical properties of such material, previous radiative
transfer models have simply adopted opacities character-
istic of ordinary SNe. In Type Ia supernovae (SNe Ia),
for example, the opacity is due primarily to numerous
iron group lines, which are blended by Doppler broaden-
ing into a pseudo-continuum. We can expect that lines
will also dominate the opacity of NSM ejecta, but un-
fortunately very little atomic data exists for ions heavier
than the iron group, either from theory or experiment.
Given the ignorance, we might first consider some gen-

eral expectations from atomic physics. The number of
strong lines will be larger for ions with greater complex-
ity – i.e., with a denser packing of low lying energy states.
Naively, one might expect higher Z elements to be more
complex than the iron group. Of course, what matters
is not the total number of electrons, but the number of
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ABSTRACT

Material ejected during (or immediately following) the merger of two neutron stars may assemble
into heavy elements by the r-process. The subsequent radioactive decay of the nuclei can power
electromagnetic emission similar to, but significantly dimmer than, an ordinary supernova. Identifying
such events is an important goal of future transient surveys, o↵ering new perspectives on the origin
of r-process nuclei and the astrophysical sources of gravitational waves. Predictions of the transient
light curves and spectra, however, have su↵ered from the uncertain optical properties of heavy ions.
Here we consider the opacity of expanding r-process material and argue that it is dominated by line
transitions from those ions with the most complex valence electron structure, namely the lanthanides.
For a few representative ions, we run atomic structure models to calculate radiative data for tens
of millions of lines. We find that the resulting r-process opacities are orders of magnitude larger
than that of ordinary (e.g., iron-rich) supernova ejecta. Radiative transport calculations using these
new opacities indicate that the transient emission should be dimmer and redder than previously
thought. The spectra appear pseudo-blackbody, with broad absorption features, and peak in the
infrared (⇠ 1 µm). We discuss uncertainties in the opacities and attempt to quantify their impact on
the spectral predictions. The results have important implications for observational strategies to find
and study the radioactively powered electromagnetic counterparts to compact object mergers.

1. INTRODUCTION

Hydrodynamical simulations suggest that a small frac-
tion of mass is ejected when two neutron stars (or a black
hole and neutron star) collide or merge (Janka et al. 1999;
Rosswog et al. 1999; Lee 2001; Rosswog 2005; Oechslin
et al. 2007; Chawla et al. 2010; Shibata & Taniguchi 2011;
Hotokezaka et al. 2013). If this ejecta is su�ciently neu-
tron rich, it will assemble within seconds into heavy el-
ements via rapid neutron captures (the r-process) (Lat-
timer & Schramm 1974; Eichler et al. 1989; Freiburghaus
et al. 1999). The subsequent beta decay of the nu-
clei will heat the ejecta for days, powering a thermal,
supernova-like transient (Li & Paczyński 1998). Because
the ejected mass is small in comparison to ordinary su-
pernovae (SNe), the light curves of these “r-process su-
pernovae” are expected to be relatively dim and short
lived. Previous radiative models predict peak bolometric
luminosities around 1040�1042 ergs s�1, peaking at opti-
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duction site, and soon after they had been created. In
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ify the unknown site(s) of r-process nucleosynthesis (e.g.,
Arnould et al. 2007; Sneden et al. 2008).
Perhaps the largest remaining uncertainty in our un-
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of the ejected debris, which (along with the ejecta mass
and kinetic energy) is a key parameter determining the
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for example, the opacity is due primarily to numerous
iron group lines, which are blended by Doppler broaden-
ing into a pseudo-continuum. We can expect that lines
will also dominate the opacity of NSM ejecta, but un-
fortunately very little atomic data exists for ions heavier
than the iron group, either from theory or experiment.
Given the ignorance, we might first consider some gen-

eral expectations from atomic physics. The number of
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Pandora
Production of controlled plasma at the 
same densities of kilonovae ejecta at peak 
luminosity
à Measurement of opacities of different 
mixtures of atomic species 
à Accurate predictions of kilonovae light 
curves
à Constraining r-process yields and 
kilonovae energetics



• Il problema del Li cosmologico (e non solo)

• Il 26Al la sua nucleosintesi e la radioattività 
fossile nel Sistema Solare


