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R-process sites

Any r-process site should be able to produce both the “seed” nuclei
where neutrons are captured and the neutrons that drive the
r-process. The main parameter describing the feasibility of a site to
produce r-process nuclei is the neutron-to-seed ratio: nn/nseed.

If the seed nuclei have mass number Aseed and we have nn/nseed
neutrons per seed, the final mass number of the nuclei produced
will be A = Aseed + nn/nseed.

For example, taking Aseed = 90 we need nn/nseed = 100 if we want
to produce the 3rd r-process peak (A ∼ 195) and nn/nseed = 150 to
produce U and Th.
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Making Gold in Nature: r-process nucleosynthesis
Astrophysical environment must provide a large amount of free neutrons.
Depends on the neutron richness of the ejecta.
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The r-process requires the knowledge of
the properties of extremely
neutron-rich nuclei:

Nuclear masses.

Beta-decay half-lives.

Neutron capture rates.

Fission rates and yields.
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R-process sites
In an astrophysical site there are only two possible ways to achieve large
neutron-to-seeds:

1 Let us consider high temperature neutron-rich matter with high entropy
that it is ejected at high velocities. As the material expands α particles will
be formed. However, the build up of heavy nuclei by 3-body reactions
becomes very unefficient by two reasons: 1) Too many photons per
nucleon due to the high entropy, 2) Too litle time to produce heavy nuclei
due to the fast expansion. It means that we will have an α-rich freeze out
with a few heavy nuclei produced and many neutrons left (Yα ≈ Ye/2,
Yn ≈ 1 − 2Ye). The Big Bang is an extreme case of α-rich freeze-out. This is
commonly denoted as “high entropy” r-process

2 Let us consider matter very high density matter with low entropies. Due to
the high densities electrons have large fermi energies and will drive the
composition very neutron rich. At some point the neutron drip line is
reached and nuclei start to “drip” neutrons. This is the situation in the
crust of neutron stars where densities are 1012−13 g cm−3 and Ye . 0.05:
Yn = 1 − 〈A〉Ye/〈Z〉, Yh = Ye/〈Z〉; ns = Yn/Yh = 〈A〉[〈Z〉/(Ye〈A〉) − 1];
ns ∼ 500 − 2000. This is commonly denoted as “low entropy” r-process.
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Dependence on Ye

Ye = 0.5

Ye = 0.35

With reduced Ye the peak of the nuclear abundance distribution moves
from 56Ni to heavier neutron rich nuclei. For low Ye becomes
energetically favourable to have free neutrons.
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Abundances at 3 GK

Adiabatic expansions with s = 15
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Merger channels and ejection mechanism

In mergers we deal with a variety of initial configurations (netron-star neutron-star vs
neutron-star black-hole) with additional variations in the mass-ratio.

⇒
⇒

BH formation

sGRB

⇒ ⇒⇒⇒

NSBH

⇒⇒

NSNS

⇒⇒ ⇒⇒⇒ ⇒ ⇒
dyn. ejecta; t~ 1 ms

wind; t~100 ms torus unbinding;  
                  t ~ 1s

Rosswog et al, Class. Quantum Gravity 34, 104001 (2017)

Two sources of ejecta:

Dynamical (early times)

Accretion disk (long term
evolution)

Their properties depend on the impact
of neutrinos
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Impact of neutrinos on NS-NS mergers

With the increase of the binary asymmetry degree,

the shock heating effect becomes less important

and the temperature for a substantial fraction of

the dynamical ejecta is decreased. As a result, the

positron production and resulting positron capture

are suppressed. Hence, the neutron richness is

preserved to be relatively high (the value of is

preserved to be low).

(III) For the DD2 models, the effect associated with the

binary asymmetry found for the SFHo model is not

remarkable: The typical values of and specific

entropy depend mildly on the binary asymmetry

degree, although we still observe a monotonic

decrease of these values (see, e.g., Fig. ). This

weak dependence is due to the fact that the ejecta are

composed primarily of tidally ejected matter irre-

spective of the mass ratio, as already mentioned.

C. Neutrino irradiation

For the DD2 models, the remnant MNS are long lived,

while for the SFHo models, the remnants collapse to a

black hole in 10 ms after the onset of merger. Therefore, a

high-luminosity neutrino emission is continued for a long

time scale from the remnant of the DD2 models, while the

strong emission continues only briefly for the SFHo models

(see Fig. ). As a result, a long-term neutrino-irradiation

effect [12,34 37] plays an important role in heating up the

ejecta and increasing the value of (see the bottom two

panels of Fig. ), in particular, in the region above the

remnant MNS pole (see Fig. ) of the DD2 models.

As we pointed out in Ref. [12], the possible interpre-

tation for the increase of by the neutrino irradiation is

described as follows: The luminosity of electron neutrinos

emitted from the remnant hot MNS is quite high as shown

in Fig. . In such an environment, neutrino capture

processes, and , could

be activated in the matter surrounding the MNS. By the

balance of these reactions, the fractions of neutrons and

protons are determined and the equilibrium value of is

given by (e.g., Ref. [38]

e;eq i þ

where 293 MeV, and

denote averaged neutrino energy of and , and

and denote the luminosity of and , respectively. For

the DD2 models, 10 MeV, 15 MeV, and

=L , and consequently, the expected equi-

librium value is 45 . This suggests that due to

the neutrino irradiation, the neutron richness of the origi-

nally neutron-rich matter with should be

decreased (the average of is increased) towards the

equilibrium value.

However, this neutrino irradiation effect depends on the

binary asymmetry because, as Fig. shows, the neutrino
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FIG. 3. Luminosity curves of (red solid), (blue dashed), and heavy (green dotted-dashed) neutrinos for the models with the SFHo

(left) and the DD2 (right), respectively (note that the scales in the vertical axis are different among the plots). For heavy neutrinos, the

contribution from only one heavy species is plotted. The vertical dashed lines in the left panel show the time at the formation of a

remnant black hole. We note that the relatively high heavy-neutrino luminosity for the SFHo models before the collapse to the remnant

black holes reflects the fact that the temperature of remnant MNS is higher and the pair-process neutrino emission is more active than

those for the DD2 model.

DYNAMICAL MASS EJECTION FROM THE MERGER OF PHYSICAL REVIEW D 93, 124046 (2016)
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FIG. 1. Merger remnant for the SFHo EOS with ( ,m ) = (1 ). The upper left and right panels show the profiles
of the rest-mass density and electron fraction for the merger remnant, i.e., a black hole surrounded by a torus. The lower left
and middle panels show the profiles of the rest-mass density and electron fraction for the dynamical ejecta component. The
white region in these panels indicates that no ejecta component is present in the inner region. These snapshots are generated
at 40ms after the onset of merger. The lower right panel shows the mass histogram of the ejecta component as a function
of for the regions of z > x θ < 45 ) and z < x θ > 45 ).

star surrounded by a torus is universally formed for
= 2 7–2 (see Fig. 2). The torus mass depends

weakly on the mass ratio and it is for
and for 85. The electron fraction for the
high-density region of the torus is slightly larger than
that in the torus surrounding a black hole found in the
SFHo models because the matter in the torus experi-
ences shock heating more efficiently around the massive
neutron stars. A more remarkable fact is that in the
outer region of the torus at 100 km, the electron
fraction is quite high as 25 (see the upper panel
of Fig. 2) because of the irradiation by neutrinos emitted
from the central massive neutron star and surrounding
torus (e.g., Refs. [34, 35, 42, 43]): In such an environ-
ment, the neutrino capture processes,
and + ¯ , take place quite efficiently in the
matter surrounding the massive neutron star and torus,
and by the balance of these reactions, the fraction of
neutrons and protons approaches an equilibrium value

in which the value of is enhanced to be 5 and
approximately given by (e.g., Ref. [44])

e,eq 1 +
〉 − 2∆

+ 2∆
(2.1)

where ∆ = 1 293MeV (the mass energy difference be-
tween neutron and proton), 〉 ≈ 10MeV and 〉 ≈
15MeV denote the averaged neutrino energy of and
, and 1053 erg s) and ) denote the

luminosity of and ¯ , respectively. Note that this en-
hancement of is not seen for the case that a black hole
is formed soon after the merger because of the absence
of the strong neutrino source (compare the upper panels
of Figs. 1 and 2).
(iii) For the SFHo models, the dynamical ejecta mass is

01 irrespective of the mass ratio (see Table II).
The electron fraction is distributed for a wide range be-
tween 0.05 and 0.5 [34, 35] (see the lower panels of Fig. 1),
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FIG. 2. The same as Fig. 1 but for the merger remnant for the DD2 EOS with ( ,m ) = (1 ). The snapshots
are generated at 80ms after the onset of merger. For this case, a massive neutron star is located at the center (compare the
upper panels of Figs. 1 and 2).

also irrespective of the mass ratio. In such ejecta, an ap-
preciable fraction of lanthanide elements should be syn-
thesized [21, 45–47], significantly enhancing the opacity.
For this EOS, the dynamical mass ejection occurs in a
quasi-isotropic manner because not only the tidal effect
but also the shock heating play an important role for
ejecting matter (see the lower left panel of Fig. 1). Nev-
ertheless, the matter is ejected primarily along the binary
orbital plane and ejecta in the polar direction has a mi-
nor fraction, because of the strong tidal effect during the
merger. The ejecta near the binary orbital plane is al-
ways neutron rich with 25 (see the lower panels
of Fig. 1), although the ejecta in the polar region is less
neutron-rich.

(iv) For the DD2 models, the dynamical ejecta mass
depends strongly on the mass ratio: For = 1, it is
002 , while for = 0 86 it increases to 0 005

The electron fraction is again widely distributed for a
range between 0.05 and 0.5 [34, 35] (see also the lower
panels of Fig. 2) irrespective of the mass ratio. For this
EOS, the matter is ejected primarily toward the direc-
tion of the binary orbital plane, because the tidal effect

during the merger plays a dominant role for the mass
ejection. As in the SFHo case, the ejecta in the binary
orbital plane is neutron rich with 25, in particular
for the highly asymmetric binaries. On the other hand,
the ejecta in the polar region is less neutron-rich with

25 (see the lower-right panel of Fig. 2).
(v) The average velocity of the dynamical ejecta is 0 15–
25 depending on the EOS and mass ratio. For the

SFHo case, the average velocity is by 20–30% larger than
that for the DD2 case for a given value of mass because,
for this EOS, the neutron-star radius is small, and hence,
the shock heating effect during merger enhances the ki-
netic energy of the ejecta.
In the above summary, the points worthy to note are

as follows: (I) No models predict the mass of the dy-
namical ejecta larger than 0 02 . This implies that
if a luminous optical-IR counterpart which requires the
ejecta mass of 02 is discovered, we have to con-
sider ejecta components other than the dynamical ejecta.
(II) Irrespective of the EOS and binary mass ratio, the
electron fraction is widely distributed and the highly
neutron-rich matter is always present in the dynamical
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Why is Ye modified?

Ye is mainly determined by the competition between

νe + n� p + e−

ν̄e + p� n + e+

The evolution of Ye is given by:

dYe

dt
= λνenYn − λν̄e pYp = λνen − (λνen + λν̄e p)Ye,

using Ye = Yp and Yn = 1 − Yn. If matter is exposed long time enough to
neutrino fluxes it will reach an equilibrium given by:

Yeq
e =

λνen

λνen + λν̄e p
.

We need to estimate the neutrino absorption rates.
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neutrino absorption rates on nucleons

If we assume that the produced electron (positron) is extremelly
relativistic (Ee = pec) the cross section for (anti)neutrino absorption is:

σ(Eν) = σ0(Eν ± ∆)2

plus sign for neutrinos and minus sign for antineutrinos,
∆ = mnc2 − mpc2 = 1.2933 MeV, and

σ0 =
(1 + 3g2

A)G2
FV2

ud

π~4c4 = 9.33(4) × 10−44 cm2 MeV−2

For the absorption rate we need to integrate over the neutrino spectrum
and multiply by the neutrino flux (Lν/(4πr2〈Eν〉) obtaining:

λνen =
Lνe

4πr2σ0

(
ενe + 2∆ +

∆2

〈Eνe〉

)
λν̄e p =

Lν̄e

4πr2σ0

(
εν̄e − 2∆ +

∆2

〈Eν̄e〉

)
with εν = 〈E2

ν〉/〈Eν〉.
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Equilibrium Ye

The equilibrium Yeq
e can be expressed as:

Yeq
e =

[
1 +

Lν̄e

Lνe

εν̄e − 2∆ + ∆2/〈Eν̄e〉

ενe + 2∆ + ∆2/〈Eνe〉

]−1

In order to achieve Ye < 0.5 we need:

Yeq
e =

λνen

λνen + λν̄e p
< 1/2⇒ λν̄e p > λνen

This can be translated to a condition on the average energies:

εν̄e − ενe > 4∆ −

[
Lν̄e

Lνe

− 1
] [
εν̄e − 2∆

]
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Dependence nucleosynthesis on Ye

Nucleosynthesis depends on neutron richness of ejecta

𝑌𝑒 ≳ 0.25 𝑌𝑒 ≈ 0.15−0.25 𝑌𝑒 ≲ 0.15

Lanthanides Actinides

The relevant nuclear physics depends on the particular conditions.
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Nucleosynthesis low Ye ejecta

r-process stars once electron fermi energy
drops below ∼ 10 MeV to allow for
beta-decays (ρ ∼ 1011 g cm−3).

Important role of nuclear energy
production (mainly beta decay).

Energy production increases temperature
to values that allow for an (n, γ)� (γ, n)
equilibrium for most of the trajectories.

Systematic uncertainties due to variations
of astrophysical conditions and nuclear
input

Mendoza-Temis, Wu, Langanke, GMP, Bauswein, Janka,
PRC 92, 055805 (2015)

528 trajectories
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Final abundances different mass models
Mendoza-Temis, Wu, Langanke, GMP, Bauswein, Janka, PRC 92, 055805 (2015)
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Third peak (A ∼ 195) sensitive to masses (neutron captures) and beta-decay
half-lives.
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Temporal evolution (selected phases)

Fission is fundamental to determine the final r-process abundances.
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Nucleosynthesis before BH formation

An Hypermassive neutron star produces large neutrino fluxes that drive
the composition to moderate neutron rich ejecta.

Perego, et al, MNRAS 443, 3134 (2014)

Martin, et al, ApJ 813, 2 (2015)

amount of tracers contributing to nuclei with 120 becomes
unbound. This evolution is in fact a direct consequence of the
trend of presented in Figure

In addition, the nucleosynthesis has an angular dependency.
We divide the neutrino-driven wind into four regions above
and below the disk by setting cuts on the polar angle and
investigate the angular dependence of the ejecta. Each of the
cuts has a width of 15 , hence the whole neutrino-driven
wind is captured within 0 60 as a convention we
de ne at the poles . These four regions or bins are
indicated in Figure with white dashed lines and are labeled
with the number of the bin. The properties of the tracers ejected
until sim 190 ms in each of the angular bins are shown in
Figures 5 and , when passing a sphere with a radius of 750
km. We select the nucleosynthesis-relevant quantities: electron
fraction , entropy per baryon , and radial velocity . The
major part of the cumulative mass is approximately equally
distributed to the two angular bins close to the accretion disk.
On the contrary, the two bins in the polar region contain 15%
20% of the total cumulative mass. While the entropy of the

unbound tracers ranges from 10 baryon to 30 baryon
Figure , it is still very low and has therefore little impact on
the nucleosynthesis. The radial velocity provides a measure for
the dynamical timescale and is constrained to 0.04 0.08
Figure . In the neutrino-driven wind the nucleosynthesis is
most sensitive to the electron fraction distribution, which varies
for every angular region. As a general trend, the average
electron fraction decreases as a function of the angle and
reaches values down to 0.3 for the two zones closest to the
disk. Both of these bins also contain extreme cases with very
neutron-rich conditions of 0.2.

Figure shows the resulting integrated abundances for
tracers ejected at sim 140 ms. All yields are presented in
comparison to the solar abundances dots, Lodders 2003 for
one angular bin in every panel. The thin gray lines represent
individual tracers, while averages are indicated by a solid thick
line in every panel. The patterns in Figure reveal signi cant
differences in abundances for distinct latitudes. We nd that the
rst -process peak 80 forms for each angular region,

whereas the second abundance peak 130 is only reached
in bin 3 and bin 4. In particular, the angular zone closest to the

Figure 4. Total nal mass fractions times the mass of the ejecta until sim 90,
140, and 190 ms. Early neutron-rich ejecta produce heavy r-nuclei with
130, leading to overlapping abundances in this region. Later ejecta contribute
strongly to the lighter heavy elements note the logarithmic ordinate

Figure 5. Distribution of the unbound tracers in the plane at a sphere with
a radius of 750 km. We present the logarithmic scale of the total mass for all
tracers in a certain angular bin of the plane with a color code. The panels
correspond to the angle intervals de ned in Figure

Figure 6. Same as Figure , but for the plane.

Figure 7. Individual abundances and integrated nal abundances for ejecta
until sim 140 ms in each of the four considered angular bins. Thick colored
lines mark the average yields for each angular region. Note that we apply the
same color code consistently in all following gures. Moreover, thin gray lines
denote abundances from individual trajectories to hint at the variety of the
nucleosynthesis. Solar abundances are shown with dots for comparison.

Martin et al.

Only nuclei with A < 120 are produced (no
lanthanides, blue kilonova).

See also Lippuner et al, MNRAS 472, 904
(2017)
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Nucleosynthesis after BH formation

Accretion disk around BH ejects
relatively neutron-rich matter
[Fernández, Metzger, MNRAS 435,
502 (2013)]

Produces all r-process nuclides
(Lanthanide/Actinide rich ejecta)
[Wu et al, MNRAS 463, 2323 (2016)]
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See also Just et al, MNRAS 448, 541 (2015), Siegel and Metzger PRL 119, 231102 (2017)
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Energy production from r-process ejecta

The decay of r process products produces energy following a power law ε ∼ t−1.3 . Many
nuclei decaying at the same time heating up the ejecta
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We expect an electromagnetic transient with properties depending on:

Energy production rate

Efficiency energy is absorbed by gas (thermalization efficiency)

Opacity gas (depends on composition, presence of lanthanides/actinides)
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Kilonova: Electromagnetic signature of the r process
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Depends on amount of ejected material, velocity and composition (opacity)
Metzger, GMP, Darbha, Quataert, Arcones et al, MNRAS 406, 2650 (2010)
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AT 2017 gfo: electromagnetic signature from r process

In-situ signature of r process nucleosynthesis

NASA and ESA. N. Tanvir (U. Leicester), A. Levan (U. Warwick), and A. Fruchter and O. Fox (STScI)

Novel fastly evolving transitent

Signature of statistical decay of fresly synthesized r process nuclei
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AT 2017 gfo: interpretation
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Time evolution determined by the radioactive decay of r-process nuclei

Two components:

blue dominated by light elements (Z < 50)
Red due to presence of Lanthanides (Z = 57–71) and/or Actinides
(Z = 89–103)

Likely source of heavy elements including Gold, Platinum and Uranium
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Nuclear physics impact on light curve

Provided sufficiently neutron rich matter is ejected Ye . 0.15 (merger
neutron star black hole) a robust r process takes place
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Luminosity is sensitive to abundances of long-lived actinides that release
energy by alpha-decay.

Mendoza-Temis, Wu, Langanke, GMP, Bauswein, Janka, PRC 92, 055805 (2015)
Barnes, Kasen, Wu, GMP, ApJ 829, 110 (2016); Rosswog et al, CQG 34, 104001 (2017)



[Barnes, Kasen, MRW, Martinez-Pinedo, ApJ 829 (2016) 110]

Produces substantially larger 
energy than beta-decay for similar 
half-live. Followed by a chain of 
several alpha decays  
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Open questions

Kilonova observations have already been used to constrain the
dynamics and morphology of the ejecta.

So far we have indirect evidence of the r process production. Can
we find evidence of the production of particular elements?

Can we at least constrain the nucleosynthesis relevant properties of
the ejecta, e.g. Ye?

What are the astrophysical and nuclear physics conditions relevant
for the production of Lanthanides and Actinides?

. . .
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