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FIG. 3. Energy density and normalized flux (↵F i/E � �i, i.e.
the effective transport velocity of the neutrino energy density) of
electron antineutrinos ⌫̄

e

in the high-density regions of the remnant
(⇢ >⇠ 1011 g/cm3), shown 5ms after merger. Most of the neutrino
emission comes from the hot core and shocked tidal arms. In the
inner disk, ⌫̄

e

are trapped and advected with the fluid. In the outer
disk, they are free-streaming away from the remnant.

fundamental quadrupolar mode of the remnant neutron star.
This mode causes the emission of large amplitude gravita-
tional waves, which if measured can provide tight measure-
ments of the neutron star equation of state [65–67]. Around
the same time, the bound matter in the tidal arms forms a
thick, dense accretion disk. The post-merger remnant and ac-
cretion disk at the end of the simulation, 10ms after merger,
are shown on Fig. 2. Within the disk, strong l = 2 perturba-
tions are driven by the excited massive neutron star. These
two spiral arms are hotter than the rest of the disk, with
T
spiral

⇠ 9MeV and T
disk

⇠ 5MeV. The spiral arms also
show sharp density jumps, with the density inside the arms
being about three times the density outside the arms. The mas-
sive remnant, which was heated at the time of merger, is even
hotter with T

core

⇠ (15 � 20)MeV. The spiral arms and hot
neutron star are the main sources of neutrinos, as discussed in
Sec. III. Over the 10ms of post-merger evolution performed
here, more material is ejected from the outer disk in the equa-
torial plane, while neutrino absorption drives a wind in the
polar regions. These outflows are discussed in Sec. IV. The
measured properties of the emitted neutrinos and of the un-
bound matter are the main observables which change with our
treatment of the neutrinos, and are the focus of this work.

III. NEUTRINO RADIATION

A. General properties

Many of the qualitative properties of the neutrino radiation
are independent of our chosen approximation for the neutrino
energy spectrum. In all approximations, the main emission
regions are the hot, dense parts of the remnant: the central
core, and the shocked tidal arms. The energy density of ⌫̄

e

,
for example, is shown on Fig. 3 towards the middle of our
post-merger evolution (5ms after merger). Electron antineu-
trinos are trapped and advected with the flow in regions in-
side the shocked tidal arms. Free-streaming neutrinos in the
outer disk are mostly produced in those arms, while neutri-
nos in the polar regions come from both the core and the tidal
arms. Figs. 4-6 show the neutrino flux density as a function
of its angle with respect to the equatorial plane 1ms, 5ms,
and 10ms after merger. From these figures, we can clearly
see that most of the neutrinos are initially emitted in the polar
directions. Once a disk forms, the neutrinos are mostly con-
fined within a cone of 40� around the poles, with an amplitude
peak 30

� � 40

� from the poles becoming more visible at later
times. This peak is probably due to neutrinos beamed from
the shocked tidal arms, which become less optically thick as
time passes. The confinement of the neutrinos to the polar
directions comes from the fact that neutrinos escape through
the low-density regions above and below the disk and are con-
fined by the optically thick accretion disk. The exact angular
distribution may however be affected by known issues with
the M1 closure when radiation converges from different di-
rections, and should be taken with some caution.

The general properties of the neutrino radiation for ⌫
e

and
⌫
x

is similar to what is observed for ⌫̄
e

. The fluid is gener-
ally more opaque to ⌫

e

than ⌫̄
e

, as the disk is very neutron
rich. The emission of ⌫

e

in the equatorial plane is strongly
suppressed, largely due to the fact that the shocked tidal arms
are hidden behind material optically thick to ⌫

e

. The polar
luminosity is also about a factor of 2 lower than for ⌫̄

e

. The
heavy lepton neutrinos ⌫

x

, on the other hand, are nearly free-
streaming as soon as they leave the dense core of the remnant.
Most ⌫

x

are emitted from that dense core, and thermally de-
couple from the matter in hotter regions than the ⌫

e

and ⌫̄
e

(see
also Fig. 11). As for ⌫̄

e

, Figs. 5-6 show that after disk forma-
tion most of the ⌫

e

and ⌫
x

emission is confined to a cone of
about 40� in the polar regions. Although beamed emission at
a 30

� angle from the poles still appears to be present, it is not
as prominent as for ⌫̄

e

. This is in keeping with the expectation
that a larger fraction of the emitted ⌫

e

and ⌫
x

neutrinos come
from the dense core.

So far, these results are very similar to what we already ob-
served in [42], or even qualitatively comparable to the emis-
sion regions predicted by simpler leakage schemes [36, 42].
The dynamics of the merger remnant and emission regions of
the neutrinos appear to be robust predictions of both leakage
and existing approximate transport simulations. Differences
begin to arise when considering the predicted average neu-
trino energies, which we discuss in the next section, and the
properties of the outflows, outlined in Sec. IV.
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What	is	the	source	of	the	r-process	nuclei?

• r-process	elements	present	in	very	low	
metallicity	halo	stars,	suggesting	it	must	be	
a	primary	process		

• Abundance	pattern	of	second	and	third	
peak	r-process	elements	in	low	metallicity	
halo	stars	is	remarkably	similar	to	the	
pattern	found	in	the	sun	

• Need	lots	of	free	neutrons	
• Site	is	one	of	the	biggest	questions	of	

nuclear	astrophysics		
• CCSNe	have	long	been	implicated	as	the	

site	of	the	r-process	
• With	GW170817,	mounting	evidence	that	

NS	mergers	may	be	the	site	

ANRV352-AA46-08 ARI 15 July 2008 11:46

2. HEAVY ELEMENT FORMATION
Stellar fusion of elements heavier than iron is endothermic: It requires energy. Also, Coulomb
barriers for charged-particle reactions increase at heavy proton number. As a result, the nuclei
beyond the Fe group are generally not formed in charged-particle fusion but instead are created
in n-capture processes; there are no Coulomb barriers. Neutrons are captured onto nuclei that
can then β decay if they are unstable, transforming neutrons into protons. In this manner, element
production progresses through the heaviest elements of the Periodic Table. This process is defined
as slow (rapid) if the timescale for neutron capture, τ n, is slower (faster) than the radioactive decay
timescale, for unstable nuclei. Generally we refer to these as the s-process or the r-process.

The r-process and s-process were initially described and defined in 1957 by Burbidge et al.
(1957) and Cameron (1957a,b). The s-process (τn ≫ τβ ) is defined by virtue of the long times
(hundreds or thousands of years) between successive neutron captures on target nuclei. It thus
operates close to the so-called valley of β-stability, as illustrated in Figure 1 (Möller, Nix &
Kratz 1997, their figure 16). Consequently the properties (e.g., masses and half-lives) of the stable
and long-lived nuclei involved in the s-process can be obtained experimentally. As the s-process
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Figure 1
Chart of the nuclides showing proton number versus neutron number after Möller, Nix & Kratz (1997).
Black boxes indicate stable nuclei and define the so-called valley of β-stability. Vertical and horizontal lines
indicate closed proton or neutron shells. The magenta line indicates the so called r-process path, with the
magenta boxes indicating where there are final stable r-process isotopes. Color shading denotes the
timescales for β decay for nuclei and the jagged black line denotes the limits of experimentally determined
nuclear data at the time of their article.
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Merger	Mass	Ejection
• Dynamical	Ejecta	
• Tidal	Ejecta	(BHNS)	
• GR	->	matter	ejected	from	
collision	region	(NSNS)	

• Disk	winds																																										
(e.g.	Surman	et	al.	’08,	Wanajo	et	al.	’11)	

• Disk	outflows	from	viscous	
heating	and	alpha	recombination																			
(e.g.	Fernandez	&	Metzger	’13,	Just	’14)

Radice, et al. ’16
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Figure 10. Joint distribution of composition and entropy for the
M0 QC simulation. The material to the left of the dashed contour
line produces second and third r-process nucleosynthesis, while
material to the right of the solid contour line only produces first
peak r-process nucleosynthesis. The figure also hints at the exis-
tence of a correlation between Y

e

and s as larger proton fractions
are typically found in combination with high entropies.

slight increase in the production of third-peak region nuclei,
due to their more neutron-rich ejecta.

The yields for 50 . A . 90, referred to here as the
first-peak region, show greater variability than the yields at
larger A. Material in this atomic mass range is produced in
ejecta with Y

e

& 0.22, where an incomplete r-process occurs.
Material quickly builds up in the first and second peaks and
then gets left there due to early neutron exhaustion. The
amount of material with Y

e

& 0.22 is sensitive to both the
binary parameters and the treatment of neutrinos. Without
weak interactions, in the HY models, almost all of the ejected
material undergoes a complete r-process for all of the bina-
ries. In the models including electron and positron captures
but not neutrino captures (LK), there is less first peak region
material for the eccentric BNS mergers, which have slightly
more neutron rich ejecta than the quasi-circular mergers.
The further inclusion of neutrino captures in the M0 models
has the largest impact on the yields of the QC model. This is
likely due to its low average ejecta velocity compared with
the eccentric mergers. Nonetheless, neutrino captures only
have a moderate impact on the final yields for all simulated
binaries.

Because of the small amount of mass in the high Y

e

tail of our ejecta, first-peak nuclei are underproduced with
respect to the Solar abundances (when normalizing to the
second r-process peak). Therefore, we cannot account for
all of the r-process yields in the dynamical ejecta of binary
neutron star mergers. This is in contrast with the results of
Wanajo et al. (2014), who found first-peak region nuclei to
be produced in approximately Solar proportion. Their sim-
ulations yield a much wider distribution of Y

e

than ours and
a larger fraction of their ejecta undergoes an incomplete r-
process. The reasons for this discrepancy are unclear, but
they could be due to di↵erences in the EOS or in the treat-
ment of neutrinos.

3.4 Electromagnetic Counterparts

The energy released by the radioactive decay of r-process
nuclei powers transients in the optical or near-infrared band
that could potentially be discovered through GW or SGRB
detection follow-up observations and by untargeted transient
surveys.

We use a simple analytical model developed by Gross-
man et al. (2014) to describe the basic features of the
macronova emission that would be produced by the ejecta
from our simulations. Grossman et al. (2014) estimate the
time at which the optical or near-infrared signal peaks as
the time when the radiation di↵usion timescale is equal to
the dynamical timescale of the ejecta

t

peak

= 4.9
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where M

ej

is the ejected mass,  is an e↵ective opacity of
the ejecta, and hv1i is the mass-averaged asymptotic veloc-
ity of the outflow. They also estimate the peak bolometric
luminosity assuming a simple power-law decay for the en-
ergy release by the radioactive decay of r-process elements
✏̇ = ✏̇

0
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Finally, the e↵ective temperature can be computed assuming
the area of the emitting surface to be 4⇡ (hv1it

peak

)2, which
yields (Grossman et al. 2014)

T = 2200
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The limitations of this simple model are discussed in Gross-
man et al. (2014) and the most serious one is that it tends
to overestimate both peak time and luminosity compared to
more sophisticated numerical treatments.

We report the estimated peak times, luminosities and
e↵ective temperatures for the macronova emission from our
simulations in Tab. 1. The values we quote are obtained
using  = 10 cm2 g�1 as the fiducial opacity of the r-
process material. This value gives results that are consis-
tent with those of more sophisticated Monte Carlo calcula-
tions with large databases of lines (Barnes & Kasen 2013).
For the energy production from the radioactive decay of the
r-process elements we follow Grossman et al. (2014) and
choose ↵ = 1.3.

As can be inferred from Tab. 1, the macronova
timescales and luminosities show significant variation be-
tween our simulations. Simulations such as LK RP5, which
result in very little ejecta, have macronovae that peak on
very short timescales (less than a day) and that are rela-
tively blue compared to those of quasi-circular binaries. The
RP7.5 and RP10 models, which eject significantly more ma-
terial than the QC model, have macronova light curves that

MNRAS 000, 000–000 (0000)

Nuclear	Evolution	of	the	Ejecta
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τ ej ≈10 ms
Dynamical Timescale for the Ejected Material:

Ejected Material is neutron rich:

Low initial entropy:

see Lattimer & Schramm ’76 and Freiberghaus et al. ’99
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Which implies a neutron to seed ratio 
greater than 100
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Nuclear	Evolution	of	the	EjectaNuclear Statistical Equilibrium (NSE)

T = 2.5 GK

ρ = 1.0 × 107 g cm−3

Ye = 0.50

T = 7.0 GK
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ρ = 7.8 × 106 g cm−3

Ye = 0.22
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Nuclear	Heating	Rate

• Power	law	heating	rate	(Metzger	et	al.	’10,	Roberts	et	al.	’11,	…)	
• Larger	number	of	isotopes	involved,	sum	of	numerous	individual	decays	
• Beta-decays,	alpha	decays	and	fission

The Astrophysical Journal Letters, 736:L21 (5pp), 2011 July 20 Roberts et al.
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Figure 2. Top: energy deposition rate from nuclear decay (including neutrino
losses) as a function of time for various Lagrangian trajectories from the SPH
simulations. These are shown for the BH–NS merger, but are representative of
the NS–NS mergers as well. The trajectories are color coded by their density one
day after the explosion. The gray lines show the heating rate from single reactions
that contribute significantly after 0.1 days for a single trajectory. Bottom: final
abundances as a function of nuclear mass for the same trajectories.
(A color version of this figure is available in the online journal.)

we ran calculations varying the initial temperature down T9 =
0.2, and found that the nuclear heating rate was not substantially
altered.

Figure 2 shows the total heating rate and final abundance
distribution for a selection of fluid elements. Similar to Metzger
et al. (2010b), we find that the late time heating rate is insensitive
to the exact initial conditions and is statistical in nature, as
predicted by Li & Paczyński (1998). One day after disruption,
the top five beta-decays contributing to the heating are 125Sb,
126Sb, 132I, 127Te, and 197Pt.

2.3. Radiative Transfer

We calculated the optical emission of the mergers using the
SEDONA three-dimensional time-dependent LTE Monte Carlo
radiative transfer code (Kasen et al. 2006). The output of the
hydrodynamic simulations at the time of homology was mapped
onto a Cartesian grid for post-processing by the transport code.
A global nuclear heating rate based on a fit to the nuclear
network calculations was used. We accounted approximately for
neutrino losses by assuming 75% of the nuclear network energy
generation was deposited in the material (Metzger et al. 2010b).
Of the energy that is left, we assumed 50% was deposited as
gamma-rays from decays while the other 50% was deposited
thermally.

The opacity of r-process material at the relevant densities and
temperatures is not well known. The main contribution to the
opacity is presumably due to millions of atomic lines, which
are Doppler broadened by the high differential velocities in the
ejecta. Unfortunately, complete atomic line lists for these high-
Z species are not available. Given the uncertainty, we adopted
here a constant gray opacity of κ = 0.1 cm2 g−1 which is
characteristic of the line expansion opacity from iron group
elements (e.g., Kasen & Woosley 2007). This is in contrast to the
approach of Metzger et al. (2010b), who used oscillator strengths
for pure Fe with ionization potentials from Pb. Considering

that neither approach will yield accurate spectral information,
we feel that our simple gray opacity scheme is a reasonable
approximation.

We calculated the spatial distribution of gamma-ray heating
by following the transport of gamma-rays and determining the
fraction of their energy thermalized by Compton scattering and
photoelectric absorption. Since the dominant Compton opacity
has only a weak wavelength dependence, the exact spectrum
of gamma-ray emission from the radioactive source does not
strongly affect the results. We therefore simply assumed all
gamma-rays were emitted at 1 MeV. We found that the gamma-
ray thermalization rate was greater than 80% for the first two
days after disruption.

3. DETAILED PROPERTIES OF THE
ELECTROMAGNETIC COUNTERPARTS

The top panel of Figure 3 shows the R-band light curves for
the four models in Table 1. As expected from the simple models
of Li & Paczyński (1998), the peak luminosity correlates with
the total ejected mass of radioactive elements and the time of
the peak scales inversely with mass and velocity. Because the
total mass ejected in these mergers is not very sensitive to q, the
nature of the merger cannot easily be determined solely from
the peak time or luminosity. Additionally, the peak luminosity
varies with viewing angle within a single model by a factor of
∼3, which is as large as the variation in the angle-averaged peak
luminosity between models. This further complicates our ability
to distinguish between different mass ratios and progenitor
models based only on luminosities.5

Still, it may be possible to determine if one or two tails
are present based on the color evolution of the light curves.
In NS–NS mergers which produce two tails, the luminos-
ity of the transient will be given by the sum of the lumi-
nosities of the tails, each of which can be approximated as
a Li & Paczyński (1998) expanding sphere. We denote here
the heavier and lighter tails with the subscript 1 and 2, re-
spectively. Li & Paczyński (1998) find that at late times,
the evolution of the effective temperature is given by Teff ≈
4.7×103 K (M/0.01 M⊙)1/4(c/v)3/4(day/t)3/4(f/3×10−5)1/4.
The ratio of the effective temperatures in the tails at late times
is then

Teff,1

Teff,2
≈

(
M1

M2

)1/4 (
v2

v1

)3/4

. (1)

Significant variation in color from the single tail case is then
expected only for a considerable difference between velocities.
In this case, tail 2 will shift the total light blueward if it
makes an important contribution to the total luminosity at any
time. The time of peak luminosity for a single tail is given
by tm ≈ 1 day (M/0.01 M⊙)1/2(3v/c)1/2. If the velocity of
the second tail is much lower, it contributes more to the total
luminosity at late times and the light will be bluer compared to
the more massive tail emitting radiation alone.

In our detailed models, the velocity difference between the
tails is not significant enough compared to the mass difference
between the tails in either of the asymmetric NS–NS merger
models for the tails to be easily discernible in their color
evolution, as shown in Figure 3. There is thus no significant
distinguishing characteristic between ejecta geometries in their

5 We also do not observe the non-smooth structures seen in the light curves of
Metzger et al. (2010b), which are due to their use of approximate non-gray
opacities.

3
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Figure 1: Photometry of SSS17a compared to fitted kilonova models. A: UV to NIR pho-
tometry of SSS17a from 10.9 hours after the BNS merger to +18.5 days (11). Overplotted
are our best-fitting kilonova model in each band. B: Residuals (in magnitudes) between each
photometry measurement and our best-fitting model. C: The integrated luminosity of our best-
fitting kilonova model compared with the total integrated luminosity of SSS17a (11). We also
show the luminosity of the individual blue and red components of our kilonova model. D: The
derived temperature of our kilonova model compared with the temperature derived by fitting a
blackbody SED to each epoch (11).
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Figure 1. The final abundances of some selected nucleosynthesis calculations. Left: Ye = 0.01, 0.19, 0.25, 0.50, s = 10 kB baryon�1, and
⌧ = 7.1ms. The full r-process is made, with substantial amounts of lanthanides and actinides, for Ye = 0.01 and Ye = 0.19. The Ye = 0.25
trajectory is neutron-rich enough to make the second r-process peak, but not the third and not a significant amount of lanthanides. In
the symmetric case (Ye = 0.5), mostly 4He and iron-peak elements are produced. Right: Ye = 0.25, s = 1.0, 3.2, 10, 100 kB baryon�1, and
⌧ = 7.1ms. With s = 1 kB baryon�1 a jagged r-process is obtained because there are only few free neutrons per seed nucleus available and
nuclides with even neutron numbers are favored. Even though there are not many free neutrons available, there is still a significant amount
of lanthanides in the s = 1 kB baryon�1 case because the initial seed nuclei are very heavy. At higher entropies, the initial seeds become
lighter and the initial free neutron abundance increases. However, the increase in the initial free neutron abundance is not enough to o↵set
the decrease in the initial mass of the seeds and so we obtain a less complete r-process. The situation is reversed at s = 100 kB baryon�1,
where there is a very high neutron-to-seed ratio. In that case, a significant fraction of ↵ particles are also captured on the seed nuclei. This
leads to a full r-process in the s = 100 kB baryon�1 case.

Figure 2. A frame from the animation of the nucleosynthesis calculation for Ye = 0.01, s = 10 kB baryon�1, and ⌧ = 7.1ms. The frame
shows the full extent of the r-process just when free neutrons get exhausted. The plot in the upper left corner shows the temperature,
density, and heating rate as function of time. The colored bands in the chart of nuclides correspond to the mass bins in the histogram at
the bottom. The histogram shows the mass fractions on a linear scale while the blue curve shows the abundances as a function of mass on
a logarithmic scale. The full animations are available at http://stellarcollapse.org/lippunerroberts2015.
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Figure 3. Results of the high-resolution Ye runs. The lanthanide and actinide mass fractions, XLa and XAc, and their sum, XLa+Ac,
are fairly constant up to some critical value of Ye in most cases because of fission cycling. The neutron abundance Xn at 10minutes (the
mean lifetime of a free neutron) is an indicator for a neutron-rich freeze-out, which occurs at high initial entropies and short expansion
timescales, where the neutrons do not have time to capture on the seed nuclei. The heating rate M✏ at 1 day with M = 10�2 M� is fairly
insensitive to Ye, except at high electron fractions (Ye & 0.4) where some individual nuclides start to dominate the heating. The estimated
final average mass number Āfin falls o↵ monotonically with Ye in all cases except s = 100 kB baryon�1, where it rebounds at Ye very
close to 0.5. There, the number of seed nuclei decreases drastically because ↵-particles are initially produced in higher quantities, which
increases the neutron-to-seed ratio. In those cases, the predicted number of fission cycles Nf is artificially increased at high Ye, because of
production of seed nuclei by the triple-↵ process. Where equation ?? accurately predicts the number of fission cycles, Nf falls o↵ rapidly
with Ye and the point where it becomes zero is correlated with the actinide turno↵, because actinides are at the low end of the fissionable
material mass range. Note that we plot Āfin and Nf on linear scales rather than log scales as all the other quantities. Also, we added a
negative o↵set of 5 to both Āfin and Nf and we scaled Āfin by 1/100 so that they fit onto our left vertical axis.
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Ā

fi
n

5

4

3

2

1

0

lo
g
X

i,
N

f,
Ā
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Figure 3. Results of the high-resolution Ye runs. The lanthanide and actinide mass fractions, XLa and XAc, and their sum, XLa+Ac,
are fairly constant up to some critical value of Ye in most cases because of fission cycling. The neutron abundance Xn at 10minutes (the
mean lifetime of a free neutron) is an indicator for a neutron-rich freeze-out, which occurs at high initial entropies and short expansion
timescales, where the neutrons do not have time to capture on the seed nuclei. The heating rate M✏ at 1 day with M = 10�2 M� is fairly
insensitive to Ye, except at high electron fractions (Ye & 0.4) where some individual nuclides start to dominate the heating. The estimated
final average mass number Āfin falls o↵ monotonically with Ye in all cases except s = 100 kB baryon�1, where it rebounds at Ye very
close to 0.5. There, the number of seed nuclei decreases drastically because ↵-particles are initially produced in higher quantities, which
increases the neutron-to-seed ratio. In those cases, the predicted number of fission cycles Nf is artificially increased at high Ye, because of
production of seed nuclei by the triple-↵ process. Where equation ?? accurately predicts the number of fission cycles, Nf falls o↵ rapidly
with Ye and the point where it becomes zero is correlated with the actinide turno↵, because actinides are at the low end of the fissionable
material mass range. Note that we plot Āfin and Nf on linear scales rather than log scales as all the other quantities. Also, we added a
negative o↵set of 5 to both Āfin and Nf and we scaled Āfin by 1/100 so that they fit onto our left vertical axis.
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Figure 3. Results of the high-resolution Ye runs. The lanthanide and actinide mass fractions, XLa and XAc, and their sum, XLa+Ac,
are fairly constant up to some critical value of Ye in most cases because of fission cycling. The neutron abundance Xn at 10minutes (the
mean lifetime of a free neutron) is an indicator for a neutron-rich freeze-out, which occurs at high initial entropies and short expansion
timescales, where the neutrons do not have time to capture on the seed nuclei. The heating rate M✏ at 1 day with M = 10�2 M� is fairly
insensitive to Ye, except at high electron fractions (Ye & 0.4) where some individual nuclides start to dominate the heating. The estimated
final average mass number Āfin falls o↵ monotonically with Ye in all cases except s = 100 kB baryon�1, where it rebounds at Ye very
close to 0.5. There, the number of seed nuclei decreases drastically because ↵-particles are initially produced in higher quantities, which
increases the neutron-to-seed ratio. In those cases, the predicted number of fission cycles Nf is artificially increased at high Ye, because of
production of seed nuclei by the triple-↵ process. Where equation ?? accurately predicts the number of fission cycles, Nf falls o↵ rapidly
with Ye and the point where it becomes zero is correlated with the actinide turno↵, because actinides are at the low end of the fissionable
material mass range. Note that we plot Āfin and Nf on linear scales rather than log scales as all the other quantities. Also, we added a
negative o↵set of 5 to both Āfin and Nf and we scaled Āfin by 1/100 so that they fit onto our left vertical axis.
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Figure 3. Results of the high-resolution Ye runs. The lanthanide and actinide mass fractions, XLa and XAc, and their sum, XLa+Ac,
are fairly constant up to some critical value of Ye in most cases because of fission cycling. The neutron abundance Xn at 10minutes (the
mean lifetime of a free neutron) is an indicator for a neutron-rich freeze-out, which occurs at high initial entropies and short expansion
timescales, where the neutrons do not have time to capture on the seed nuclei. The heating rate M✏ at 1 day with M = 10�2 M� is fairly
insensitive to Ye, except at high electron fractions (Ye & 0.4) where some individual nuclides start to dominate the heating. The estimated
final average mass number Āfin falls o↵ monotonically with Ye in all cases except s = 100 kB baryon�1, where it rebounds at Ye very
close to 0.5. There, the number of seed nuclei decreases drastically because ↵-particles are initially produced in higher quantities, which
increases the neutron-to-seed ratio. In those cases, the predicted number of fission cycles Nf is artificially increased at high Ye, because of
production of seed nuclei by the triple-↵ process. Where equation ?? accurately predicts the number of fission cycles, Nf falls o↵ rapidly
with Ye and the point where it becomes zero is correlated with the actinide turno↵, because actinides are at the low end of the fissionable
material mass range. Note that we plot Āfin and Nf on linear scales rather than log scales as all the other quantities. Also, we added a
negative o↵set of 5 to both Āfin and Nf and we scaled Āfin by 1/100 so that they fit onto our left vertical axis.
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Figure 3. Results of the high-resolution Ye runs. The lanthanide and actinide mass fractions, XLa and XAc, and their sum, XLa+Ac,
are fairly constant up to some critical value of Ye in most cases because of fission cycling. The neutron abundance Xn at 10minutes (the
mean lifetime of a free neutron) is an indicator for a neutron-rich freeze-out, which occurs at high initial entropies and short expansion
timescales, where the neutrons do not have time to capture on the seed nuclei. The heating rate M✏ at 1 day with M = 10�2 M� is fairly
insensitive to Ye, except at high electron fractions (Ye & 0.4) where some individual nuclides start to dominate the heating. The estimated
final average mass number Āfin falls o↵ monotonically with Ye in all cases except s = 100 kB baryon�1, where it rebounds at Ye very
close to 0.5. There, the number of seed nuclei decreases drastically because ↵-particles are initially produced in higher quantities, which
increases the neutron-to-seed ratio. In those cases, the predicted number of fission cycles Nf is artificially increased at high Ye, because of
production of seed nuclei by the triple-↵ process. Where equation ?? accurately predicts the number of fission cycles, Nf falls o↵ rapidly
with Ye and the point where it becomes zero is correlated with the actinide turno↵, because actinides are at the low end of the fissionable
material mass range. Note that we plot Āfin and Nf on linear scales rather than log scales as all the other quantities. Also, we added a
negative o↵set of 5 to both Āfin and Nf and we scaled Āfin by 1/100 so that they fit onto our left vertical axis.
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Āfin/100 5

Nf 5

Figure 3. Results of the high-resolution Ye runs. The lanthanide and actinide mass fractions, XLa and XAc, and their sum, XLa+Ac,
are fairly constant up to some critical value of Ye in most cases because of fission cycling. The neutron abundance Xn at 10minutes (the
mean lifetime of a free neutron) is an indicator for a neutron-rich freeze-out, which occurs at high initial entropies and short expansion
timescales, where the neutrons do not have time to capture on the seed nuclei. The heating rate M✏ at 1 day with M = 10�2 M� is fairly
insensitive to Ye, except at high electron fractions (Ye & 0.4) where some individual nuclides start to dominate the heating. The estimated
final average mass number Āfin falls o↵ monotonically with Ye in all cases except s = 100 kB baryon�1, where it rebounds at Ye very
close to 0.5. There, the number of seed nuclei decreases drastically because ↵-particles are initially produced in higher quantities, which
increases the neutron-to-seed ratio. In those cases, the predicted number of fission cycles Nf is artificially increased at high Ye, because of
production of seed nuclei by the triple-↵ process. Where equation ?? accurately predicts the number of fission cycles, Nf falls o↵ rapidly
with Ye and the point where it becomes zero is correlated with the actinide turno↵, because actinides are at the low end of the fissionable
material mass range. Note that we plot Āfin and Nf on linear scales rather than log scales as all the other quantities. Also, we added a
negative o↵set of 5 to both Āfin and Nf and we scaled Āfin by 1/100 so that they fit onto our left vertical axis.
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Figure 3. Results of the high-resolution Ye runs. The lanthanide and actinide mass fractions, XLa and XAc, and their sum, XLa+Ac,
are fairly constant up to some critical value of Ye in most cases because of fission cycling. The neutron abundance Xn at 10minutes (the
mean lifetime of a free neutron) is an indicator for a neutron-rich freeze-out, which occurs at high initial entropies and short expansion
timescales, where the neutrons do not have time to capture on the seed nuclei. The heating rate M✏ at 1 day with M = 10�2 M� is fairly
insensitive to Ye, except at high electron fractions (Ye & 0.4) where some individual nuclides start to dominate the heating. The estimated
final average mass number Āfin falls o↵ monotonically with Ye in all cases except s = 100 kB baryon�1, where it rebounds at Ye very
close to 0.5. There, the number of seed nuclei decreases drastically because ↵-particles are initially produced in higher quantities, which
increases the neutron-to-seed ratio. In those cases, the predicted number of fission cycles Nf is artificially increased at high Ye, because of
production of seed nuclei by the triple-↵ process. Where equation ?? accurately predicts the number of fission cycles, Nf falls o↵ rapidly
with Ye and the point where it becomes zero is correlated with the actinide turno↵, because actinides are at the low end of the fissionable
material mass range. Note that we plot Āfin and Nf on linear scales rather than log scales as all the other quantities. Also, we added a
negative o↵set of 5 to both Āfin and Nf and we scaled Āfin by 1/100 so that they fit onto our left vertical axis.
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Figure 3. Results of the high-resolution Ye runs. The lanthanide and actinide mass fractions, XLa and XAc, and their sum, XLa+Ac,
are fairly constant up to some critical value of Ye in most cases because of fission cycling. The neutron abundance Xn at 10minutes (the
mean lifetime of a free neutron) is an indicator for a neutron-rich freeze-out, which occurs at high initial entropies and short expansion
timescales, where the neutrons do not have time to capture on the seed nuclei. The heating rate M✏ at 1 day with M = 10�2 M� is fairly
insensitive to Ye, except at high electron fractions (Ye & 0.4) where some individual nuclides start to dominate the heating. The estimated
final average mass number Āfin falls o↵ monotonically with Ye in all cases except s = 100 kB baryon�1, where it rebounds at Ye very
close to 0.5. There, the number of seed nuclei decreases drastically because ↵-particles are initially produced in higher quantities, which
increases the neutron-to-seed ratio. In those cases, the predicted number of fission cycles Nf is artificially increased at high Ye, because of
production of seed nuclei by the triple-↵ process. Where equation ?? accurately predicts the number of fission cycles, Nf falls o↵ rapidly
with Ye and the point where it becomes zero is correlated with the actinide turno↵, because actinides are at the low end of the fissionable
material mass range. Note that we plot Āfin and Nf on linear scales rather than log scales as all the other quantities. Also, we added a
negative o↵set of 5 to both Āfin and Nf and we scaled Āfin by 1/100 so that they fit onto our left vertical axis.
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Figure 3. Results of the high-resolution Ye runs. The lanthanide and actinide mass fractions, XLa and XAc, and their sum, XLa+Ac,
are fairly constant up to some critical value of Ye in most cases because of fission cycling. The neutron abundance Xn at 10minutes (the
mean lifetime of a free neutron) is an indicator for a neutron-rich freeze-out, which occurs at high initial entropies and short expansion
timescales, where the neutrons do not have time to capture on the seed nuclei. The heating rate M✏ at 1 day with M = 10�2 M� is fairly
insensitive to Ye, except at high electron fractions (Ye & 0.4) where some individual nuclides start to dominate the heating. The estimated
final average mass number Āfin falls o↵ monotonically with Ye in all cases except s = 100 kB baryon�1, where it rebounds at Ye very
close to 0.5. There, the number of seed nuclei decreases drastically because ↵-particles are initially produced in higher quantities, which
increases the neutron-to-seed ratio. In those cases, the predicted number of fission cycles Nf is artificially increased at high Ye, because of
production of seed nuclei by the triple-↵ process. Where equation ?? accurately predicts the number of fission cycles, Nf falls o↵ rapidly
with Ye and the point where it becomes zero is correlated with the actinide turno↵, because actinides are at the low end of the fissionable
material mass range. Note that we plot Āfin and Nf on linear scales rather than log scales as all the other quantities. Also, we added a
negative o↵set of 5 to both Āfin and Nf and we scaled Āfin by 1/100 so that they fit onto our left vertical axis.
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Figure 3. Results of the high-resolution Ye runs. The lanthanide and actinide mass fractions, XLa and XAc, and their sum, XLa+Ac,
are fairly constant up to some critical value of Ye in most cases because of fission cycling. The neutron abundance Xn at 10minutes (the
mean lifetime of a free neutron) is an indicator for a neutron-rich freeze-out, which occurs at high initial entropies and short expansion
timescales, where the neutrons do not have time to capture on the seed nuclei. The heating rate M✏ at 1 day with M = 10�2 M� is fairly
insensitive to Ye, except at high electron fractions (Ye & 0.4) where some individual nuclides start to dominate the heating. The estimated
final average mass number Āfin falls o↵ monotonically with Ye in all cases except s = 100 kB baryon�1, where it rebounds at Ye very
close to 0.5. There, the number of seed nuclei decreases drastically because ↵-particles are initially produced in higher quantities, which
increases the neutron-to-seed ratio. In those cases, the predicted number of fission cycles Nf is artificially increased at high Ye, because of
production of seed nuclei by the triple-↵ process. Where equation ?? accurately predicts the number of fission cycles, Nf falls o↵ rapidly
with Ye and the point where it becomes zero is correlated with the actinide turno↵, because actinides are at the low end of the fissionable
material mass range. Note that we plot Āfin and Nf on linear scales rather than log scales as all the other quantities. Also, we added a
negative o↵set of 5 to both Āfin and Nf and we scaled Āfin by 1/100 so that they fit onto our left vertical axis.
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Figure 3. Results of the high-resolution Ye runs. The lanthanide and actinide mass fractions, XLa and XAc, and their sum, XLa+Ac,
are fairly constant up to some critical value of Ye in most cases because of fission cycling. The neutron abundance Xn at 10minutes (the
mean lifetime of a free neutron) is an indicator for a neutron-rich freeze-out, which occurs at high initial entropies and short expansion
timescales, where the neutrons do not have time to capture on the seed nuclei. The heating rate M✏ at 1 day with M = 10�2 M� is fairly
insensitive to Ye, except at high electron fractions (Ye & 0.4) where some individual nuclides start to dominate the heating. The estimated
final average mass number Āfin falls o↵ monotonically with Ye in all cases except s = 100 kB baryon�1, where it rebounds at Ye very
close to 0.5. There, the number of seed nuclei decreases drastically because ↵-particles are initially produced in higher quantities, which
increases the neutron-to-seed ratio. In those cases, the predicted number of fission cycles Nf is artificially increased at high Ye, because of
production of seed nuclei by the triple-↵ process. Where equation ?? accurately predicts the number of fission cycles, Nf falls o↵ rapidly
with Ye and the point where it becomes zero is correlated with the actinide turno↵, because actinides are at the low end of the fissionable
material mass range. Note that we plot Āfin and Nf on linear scales rather than log scales as all the other quantities. Also, we added a
negative o↵set of 5 to both Āfin and Nf and we scaled Āfin by 1/100 so that they fit onto our left vertical axis.
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Figure 3. Results of the high-resolution Ye runs. The lanthanide and actinide mass fractions, XLa and XAc, and their sum, XLa+Ac,
are fairly constant up to some critical value of Ye in most cases because of fission cycling. The neutron abundance Xn at 10minutes (the
mean lifetime of a free neutron) is an indicator for a neutron-rich freeze-out, which occurs at high initial entropies and short expansion
timescales, where the neutrons do not have time to capture on the seed nuclei. The heating rate M✏ at 1 day with M = 10�2 M� is fairly
insensitive to Ye, except at high electron fractions (Ye & 0.4) where some individual nuclides start to dominate the heating. The estimated
final average mass number Āfin falls o↵ monotonically with Ye in all cases except s = 100 kB baryon�1, where it rebounds at Ye very
close to 0.5. There, the number of seed nuclei decreases drastically because ↵-particles are initially produced in higher quantities, which
increases the neutron-to-seed ratio. In those cases, the predicted number of fission cycles Nf is artificially increased at high Ye, because of
production of seed nuclei by the triple-↵ process. Where equation ?? accurately predicts the number of fission cycles, Nf falls o↵ rapidly
with Ye and the point where it becomes zero is correlated with the actinide turno↵, because actinides are at the low end of the fissionable
material mass range. Note that we plot Āfin and Nf on linear scales rather than log scales as all the other quantities. Also, we added a
negative o↵set of 5 to both Āfin and Nf and we scaled Āfin by 1/100 so that they fit onto our left vertical axis.
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Can trace Ye cutoff back to the initial conditions



Setting	Ye	in	the	Ejecta

where

Evolution of the electron fraction is governed by

Characteristic Rates:
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into account the neutron-proton mass di†erence in order to give accurate values of the above reaction rates. As we will see in
the Ðnal in the ejecta is sensitive to the ratio of these reaction rates.° 5.2, Y

eThe cross sections for the reverse reactions in equations and are given by(8a) (8b)

p
eN

B 1 ] 3a2

2n G
F
2E

l
2 , (66)

where is the neutrino energy in the Ðnal state. The rates for these reactions areE
l

j
e~p

B j
e`n

B 0.448T
MeV
5 s~1 , (67)

where we have neglected the neutron-proton mass di†erence and assumed that the initial state electrons and positrons are
extremely relativistic. These approximations are reasonable at MeV and become invalid when T approaches 0.5 MeV.T Z 1
However, these reaction rates are negligible compared with those in equations and at MeV. This is because,(65a) (65b) T [ 1
at these low temperatures, (a) the number density of electron-positron pairs decreases signiÐcantly, and (b) the cross sections
decrease rapidly, especially so for electron capture on proton, which has to overcome the neutron-proton mass di†erence.
Therefore, the breaking down of the above approximations has no serious consequences for setting the Ðnal value of in theY

eejecta.

5.2. Determination of Y
e

As noted in the electron fraction in the ejecta is governed by We can rewrite this equation as° 2, Y
e

equation (7).

Y0
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where and Regardless of the particular forms of and thej
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general solution to the above equation is given by
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where t \ 0 is taken as the time when the ejecta leave the neutron star surface at radius R, and where

I(t@, t) \ exp
C
[
P
t{

tj
2
(tA) dtA

D
(70)

is a ““ memory ÏÏ function of the interaction history, with the total number of interactions on a pair of neutron and/
t{
t j

2
(tA) dtA

proton between t@ and t (Qian 1993).
It is easy to show that the Ðrst term on the right-hand side of quickly vanishes at t [ 0. The gravitationalequation (69)

binding energy of a nucleon at the neutron star surface is MeV. A nucleon has to obtain at least thisDGMm
N
/R D 200

amount of energy from the neutrino Ñuxes in order to escape to large radii. The main heating reactions, and absorptionl
e

l6
eon free nucleons, are also responsible for determining Y

e
.

From each interaction with the or Ñux, an amount of energy D10È20 MeV nucleon~1 is absorbed. Therefore, al
e

l6
enucleon in the ejecta has to have at least ten interactions above the neutron star surface, and the total number of interactions

on a pair of neutron and proton in the ejecta satisÐesP
0

=j
2
(t)dt [

P
0

=
[j

len
(t)] j

½ep
(t)] dt [ 20 , (71)

where t \ O is a symbolic time when becomes negligibly small.j
2From the discussions in we know that most of the heating interactions take place at temperatures around° 3.3, T

eff
D 2

MeV. So for MeV, we can safely assume I(0, t) > 1 and neglect the Ðrst term on the right-hand side ofT [ 2 equation (69).
Making use of the relation

d
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we can perform integration by parts in the third term on the right-hand side of and obtainequation (69)
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when I(0, t) > 1. In deriving the above equation, we have assumed
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and therefore neglected terms of higher orders in i.e., the remaining integralj
2
~1(t),P

0

t
I(t@, t)

d
dt@
G 1
j
2
(t@)

d
dt@
Cj

1
(t@)

j
2
(t@)
DH

dt@ .

No. 1, 1996 NUCLEOSYNTHESIS IN NEUTRINO-DRIVEN WINDS. I. 345

Finally, we explored, again in model 10E, changing the radial dependence of The term (1[ x) in '(x) wasequation (14).
raised to the third power instead of the fourth, and the overall efficiency multiplied by 3 (at all radii). This raised the energy
deposition to 3.8 ] 1048 ergs s~1, the entropy to 134, the mass outÑow rate to 8.8 ] 10~6 s~1, and decreased theM

_dynamic timescale to 0.044 s.
We conclude that reasonable variations in the efficiency of neutrino-antineutrino annihilation can give a modest increase in

the entropy and a decrease in the dynamic timescale. However, very large increases in the entropy, like a doubling, would
require more radical alterations than we think are justiÐed at the present time. Unfortunately, any energy source that is
peaked near the neutron star surface tends to increase the mass-loss rate more than the entropy.

4.6. A T ime-V ariable Neutrino L uminosity?
Our analytic solutions assume a steady state in which the neutrino luminosity does not vary. In a real situation, the local

neutrino Ñux in the outÑowing wind may vary considerably because of rotation, accretion, and convective Ñows. Thus, we
explored the e†ect on model 10E of varying the total neutrino luminosity on a timescale comparable to the Ñow time across
the wind zone. In particular, we take the total neutrino luminosity to be ergs s~1 withL

l,tot
\ 6 ] 1051[1] 0.5 sin (2nt/q

l
)]

s. Much shorter timescales would have had no e†ect. Much longer timescales would have given the steady stateq
l
\ 0.1

solutions previously described.
The chief e†ect of this variation in the neutrino luminosity was to cause a periodic variation in the outÑow velocity and

dynamic timescale. The entropy, e.g., at 0.5 MeV, did not change greatly from 129 in the steady state model, being 127 ^ 3
during three oscillations. But the outÑow velocity varied almost linearly with the neutrino luminosity so that the dynamic
timescale at 0.5 MeV oscillated between 0.044 and 0.15 s (the steady state value for model 10E was 0.066 s). A similar
calculation in which s gave the same range of dynamic timescales, but with an entropy oscillating between 115 andq

l
\ 0.2

136. In both cases, the larger entropy was associated with the faster outÑow. Note that an inverse dependence of the expansion
timescale on the neutrino luminosity is predicted by for the steady state wind.equation (61)

We conclude that reasonable variations in the neutrino luminosity on intervals of order 0.1 s can give a large range of
expansion timescales at nearly constant entropy. Thus, in a fraction of the ejecta, it is possible to have material that has
experienced the high entropy appropriate to a low time-averaged neutrino luminosity, but with the rapid expansion timescale
characteristic of the temporary peaks.

5. ELECTRON FRACTION IN THE NEUTRINO-DRIVEN WIND

In this section, we describe how the electron fraction is determined in the neutrino-driven wind. As we will see, the ÐnalY
ein the ejecta is set principally by the characteristics of the and Ñuxes. In this regard, we also discuss general aspects ofY

e
l
e

l6
eneutrino emission in supernovae and present a novel neutrino ““ two-color plot ÏÏ to illustrate the time evolution of the andl

e
l6
eenergy distributions. To conclude the section, we discuss the implications of this evolution plot for heavy-element nucleo-

synthesis in supernovae.

5.1. Input Neutrino Physics
We begin our discussion by calculating the rates for the forward and reverse reactions in equations and These(8a) (8b).

reactions are the most important processes that set the electron fraction in the neutrino-driven wind. The cross sections forY
ethe forward reactions in equations and are given by(8a) (8b)
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where a B 1.26, and and are the momentum and total energy, respectively, of the electron or positron in the Ðnal state,P
e

E
eand where we have made the approximation This approximation is very good because (a) the energy of the ÐnalP

e
E

e
B E

e
2.

state electron in is at least the neutron-proton mass di†erence, and (b) in any case, the typical neutrino energy isequation (8a)
about 10 MeV or more, which makes the Ðnal state electrons and positrons extremely relativistic.

Following the prescription for the neutrino Ñux in we Ðnd the rates for the forward reactions in equations and° 3.1, (8a) (8b)
to be
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where *\ 1.293 MeV is the neutron-proton mass di†erence. At we can write the above rates asr ? R
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Figure 4: Contour plot with increasing entropy from 2.0 - 50.0 kB/baryon on the y-axis, and in-
creasing luminosity from 1.e51 - 1.e54 ergs/s on the x-axis. t = 3.0 ms. At low entropy and
luminosity, Y

e

stays at a low value of 0.06. Future research may investigate why the lowest Y

e

values occur at the lowest neutrino luminosity, but not the lowest entropy. At about an entropy
of 40.0 kB/baryon, neutrino luminosity must be greater than 1.e52 ergs/s in order to affect the Y

e

.
While high luminosities still affect Y

e

for the chosen range of values for entropy, at a high enough
luminosity, Y

e

is almost completely insensitive to changes in entropy. This luminosity is around
5.e52 ergs/s. Although this contour plot encompasses a wide range of electron abundance values,
previous research has shown that a successful r-process can typically only occur with a final Y

e

value less than 0.25. Thus, the creation of heavy elements in BNSMs is always sensitive to both
entropy and neutrino luminosity.

It is important to note that the values at which neutrino luminosity or entropy dominates is de-
pendent on the dynamical time scale of the ejecta, t. t describes the time it takes for the ejecta
to expand away from the center of the collision. As t decreases, the ejecta becomes rapidly less
dense, and all neutrino interactions have less time to interact with nucleons and push up Y

e

.

8

Close examination of the average mass number < A > vs time shows a significant drop in final
average mass number once neutrino luminosity increases to 4.e53 ergs/s. This suggests that the
critical luminosity, i.e. the luminosity when neutrino interactions significantly interfere with the
creation of heavy elements, may lie between 1.e53 and 4.e53 ergs/s.

Figure 7: Abundance versus mass number (mass number 25 - 250) for various neutrino lumi-
nosities. The solar abundances, which are the observed abundances of r-process heavy elements
formed within the Sun, are superimposed above (black dots) for comparison.

As observed in the solar abundances, the r-process forms three distinctive peaks in heavy
nuclei abundances. In general, the addition of neutrino interactions reduced the third peak at
mass number 190. This is particularly interesting because previous r-process simulations, done
without consideration of neutrino interactions, have produced a third peak that is typically larger
than the peak in the measured solar mass abundances. It is also important to note that solar
abundances show a rise in abundance of nuclei with mass number >200, and that the simulated r-
process without neutrino interactions (grey line) also show this extra peak. These heavy elements
are a product of fission cycling, which is when exceptionally heavy nuclei spontaneously fission
into smaller, more stable nuclei. When neutrino interactions are introduced to the simulation,
fission cycling becomes near nonexistent. Exploring how our simulation fails to produce fission
cycling, which is observed in solar abundances, merits further study.

As neutrino luminosity increases upwards of 1.e52 ergs/s, the third peak of abundances dimin-
ishes significantly. Again, it becomes clear that this third characteristic peak of the r-process fails
to be made somewhere between 1.e53 - 4.e53 ergs/s.
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FIG. 3. Energy density and normalized flux (↵F i/E � �i, i.e.
the effective transport velocity of the neutrino energy density) of
electron antineutrinos ⌫̄

e

in the high-density regions of the remnant
(⇢ >⇠ 1011 g/cm3), shown 5ms after merger. Most of the neutrino
emission comes from the hot core and shocked tidal arms. In the
inner disk, ⌫̄

e

are trapped and advected with the fluid. In the outer
disk, they are free-streaming away from the remnant.

This mode causes the emission of large amplitude gravita-
tional waves, which if measured can provide tight measure-
ments of the neutron star equation of state [69–71]. Around
the same time, the bound matter in the tidal arms forms a
thick, dense accretion disk. The post-merger remnant and ac-
cretion disk at the end of the simulation, 10ms after merger,
are shown on Fig. 2. Within the disk, strong l = 2 perturba-
tions are driven by the excited massive neutron star. These
two spiral arms are hotter than the rest of the disk, with
T
spiral

⇠ 9MeV and T
disk

⇠ 5MeV. The spiral arms also
show sharp density jumps, with the density inside the arms
being about three times the density outside the arms. The mas-
sive remnant, which was heated at the time of merger, is even
hotter with T

core

⇠ (15 � 20)MeV. The spiral arms and hot
neutron star are the main sources of neutrinos, as discussed in
Sec. III. Over the 10ms of post-merger evolution performed
here, more material is ejected from the outer disk in the equa-
torial plane, while neutrino absorption drives a wind in the
polar regions. These outflows are discussed in Sec. IV. The
measured properties of the emitted neutrinos and of the un-
bound matter are the main observables which change with our
treatment of the neutrinos, and are the focus of this work.

III. NEUTRINO RADIATION

A. General properties

Many of the qualitative properties of the neutrino radiation
are independent of our chosen approximation for the neutrino
energy spectrum. In all approximations, the main emission
regions are the hot, dense parts of the remnant: the central
core, and the shocked tidal arms. The energy density of ⌫̄

e

,
for example, is shown on Fig. 3 towards the middle of our
post-merger evolution (5ms after merger). Electron antineu-
trinos are trapped and advected with the flow in regions in-
side the shocked tidal arms. Free-streaming neutrinos in the
outer disk are mostly produced in those arms, while neutri-
nos in the polar regions come from both the core and the tidal
arms. Figs. 4-6 show the neutrino flux density as a function
of its angle with respect to the equatorial plane 1ms, 5ms,
and 10ms after merger. From these figures, we can clearly
see that most of the neutrinos are initially emitted in the polar
directions. Once a disk forms, the neutrinos are mostly con-
fined within a cone of 40� around the poles, with an amplitude
peak 30

� � 40

� from the poles becoming more visible at later
times. This peak is probably due to neutrinos beamed from
the shocked tidal arms, which become less optically thick as
time passes. The confinement of the neutrinos to the polar
directions comes from the fact that neutrinos escape through
the low-density regions above and below the disk and are con-
fined by the optically thick accretion disk. The exact angular
distribution may however be affected by known issues with
the M1 closure when radiation converges from different di-
rections, and should be taken with some caution.

The general properties of the neutrino radiation for ⌫
e

and
⌫
x

is similar to what is observed for ⌫̄
e

. The fluid is gener-
ally more opaque to ⌫

e

than ⌫̄
e

, as the disk is very neutron
rich. The emission of ⌫

e

in the equatorial plane is strongly
suppressed, largely due to the fact that the shocked tidal arms
are hidden behind material optically thick to ⌫

e

. The polar
luminosity is also about a factor of 2 lower than for ⌫̄

e

. The
heavy lepton neutrinos ⌫

x

, on the other hand, are nearly free-
streaming as soon as they leave the dense core of the remnant.
Most ⌫

x

are emitted from that dense core, and thermally de-
couple from the matter in hotter regions than the ⌫

e

and ⌫̄
e

(see
also Fig. 11). As for ⌫̄

e

, Figs. 5-6 show that after disk forma-
tion most of the ⌫

e

and ⌫
x

emission is confined to a cone of
about 40� in the polar regions. Although beamed emission at
a 30

� angle from the poles still appears to be present, it is not
as prominent as for ⌫̄

e

. This is in keeping with the expectation
that a larger fraction of the emitted ⌫

e

and ⌫
x

neutrinos come
from the dense core.

So far, these results are very similar to what we already ob-
served in [45], or even qualitatively comparable to the emis-
sion regions predicted by simpler leakage schemes [39, 45].
The dynamics of the merger remnant and emission regions of
the neutrinos appear to be robust predictions of both leakage
and existing approximate transport simulations. Differences
begin to arise when considering the predicted average neu-
trino energies, which we discuss in the next section, and the
properties of the outflows, outlined in Sec. IV.

• Large neutrino luminosities provided 
by central remnant of the NS 
merger


• Hierarchy of neutrino energies 
similar to proto-NS neutrino 
emission because neutrino 
decoupling physics is similar
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(relevant for kilonova emission) are also obtained from the nu-
cleosynthesis calculations (Section 4).

2. MERGER MODEL

The hydrodynamical evolution of a NS–NS merger is fol-
lowed with a recently developed three-dimensional (3D) full-
GR code (Y. Sekiguchi et al. 2014, in preparation), which is
updated from the previous version (Sekiguchi 2010; Sekiguchi
et al. 2011a, 2011b). Neutrino transport is taken into account
based on the Thorne’s moment scheme (Thorne 1981; Shibata
et al. 2011) with a closure relation. For neutrino heating, absorp-
tion on free nucleons is considered. The gravitational masses (in
isolation) are taken to be 1.3 M⊙ for both NSs.

We adopt an equation of state (EOS) of dense matter devel-
oped in Steiner et al. (2013, SFHo), which has a maximum NS
mass sufficiently greater than the largest well-measured mass
(≈2 M⊙, Demorest et al. 2010; Antoniadis et al. 2013). This
EOS gives the radius ≈12 km for a cold NS, which is in the
range constrained from nuclear experiments, nuclear theory,
and astrophysical observations, 10.7–13.1 km for a 1.4 M⊙ NS
(Lattimer & Lim 2013). Note that the EOS of Shen et al. (1998)
adopted in many previous simulations gives ≈14.5 km for a
1.4 M⊙ NS, which is substantially greater than the upper bound
of this constraint.

At the beginning of simulation (t = 0), each NS consists of
matter with Ye ≈ 0.06 in the (neutrino-less) β-equilibrium with
a constant temperature of 0.1 MeV. The background medium
is placed with the same temperature, density decreasing from
105 g cm−3 (in the central region) to 103 g cm−3, and Ye = 0.46.
The merging of NSs starts at t ∼ 3 ms with increasing density
at the origin of the coordinate axis, ρ0 (Figure 1). This leads to
the steep rises of masses (t ∼ 5.5 ms) outside 150 km (from the
center) coming from the contact interface region.

A hypermassive NS (HMNS) forms at t ∼ 4.5 ms. The
second phase of mass ejection follows in response to the
interaction between the inner atmospheric material (originating
from the shear interface) and the rapidly rotating, quasi-radially
oscillating HMNS (from t ∼ 7.5 ms). We find that the total
ejecta mass is dominated (∼60%) by this second phase. The
simulation ends at t = 13.7 ms with the distributions of
density, temperature, Ye, and entropy (per nucleon; S/kB, kB is
Boltzmann’s constant) shown in Figure 2.5 At this time, the bulk
of ejecta (total mass of Mej ≈ 0.01 M⊙) are freely expanding
with the velocities ∼ (0.1–0.3)c (c is the speed of light).

The behavior of mass ejection described here is in qualitative
agreement with the previous full GR (Hotokezaka et al. 2013a,
for soft EOSs) and approximate GR (Bauswein et al. 2013, for
the same SFHo EOS) works. As pointed out in these studies, the
mass ejection is due to shock-heating and tidal torque; neutrino-
heating plays a subdominant role.

As the HMNS forms, temperature near its surface gets as high
as ∼10 MeV (∼100 GK), giving rise to copious e−e+ pairs that
activate the weak interactions n+e+ → ν̄e +p, p +e− → νe +n,
and their inverses. The e+ and νe captures convert some part
of neutrons to protons; the ejecta Ye values increase from the
initial low values.6 The first outgoing ejecta from the contact
interface region are away from the HMNS when it forms and

5 Animations of the simulation are available from
http://cosnucs.riken.jp/movie.html.
6 The fast moving NSs and subsequent merger ejecta in the background
medium make shocks that can increase temperature and thus Ye. However, the
mass suffering from these artifacts is negligibly small compared to the total
ejecta mass (Figure 1).
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Figure 1. Temporal evolutions of ejecta mass fractions outside 150 km from the
origin of the coordinate axis for the x–y, x–z, and y–z planes in the (2000 km)3

cube (see Figure 2; with the width ≈13 km for each plane). The ejecta mass
ratio at the end of simulation is ∼5:2:3 for these planes. The masses at t = 0
are due to the background medium, the fractions of which are sufficiently small
compared to the total masses. Also shown is the temporal evolution of density at
the origin. The middle and bottom panels display, respectively, the luminosities
and angle-averaged mean energies for νe , ν̄e , and heavy-lepton neutrinos. Note
that the neutrinos of ∼10 MeV at t ! 4 ms are unimportant because of the low
luminosities.
(A color version of this figure is available in the online journal.)

thus neutrino capture is subdominant. As a result, the Ye values
are relatively low (∼0.1–0.2; blue-cyan spiral arms in Figure 2).
The outer ejecta with higher Ye (∼0.2–0.3) are unimportant in
the total ejecta mass because of their low densities.

In the second phase of mass ejection, neutrinos coming from
the HMNS surface play a crucial role. The luminosities and
mean energies are only slightly greater for ν̄e than those for
νe (Figure 1). The asymptotic Ye (after sufficient time) with
these values is expected to be Ye,a ∼ 0.5 (e.g., Equation (77)
in Qian & Woosley 1996). However, neutrino absorption in the
fast outgoing ejecta freezes before Ye reaches Ye,a, resulting in
Ye ∼ 0.3–0.4 (yellow–orange spiral arms in Figure 2).

The ejecta mass distributions in Ye and S/kB at the end of
the simulation are displayed in Figure 3 for the x–y, x–z, and
y–z planes. We find that the Ye values widely vary between
0.09 and 0.45 with greater amounts for higher Ye, in which
the initial β-equilibrium values (≈0.06) have gone. Non-orbital
ejecta have higher Ye values because of the shock-heated matter
escaping to the low-density polar regions (Hotokezaka et al.
2013a). The shock heating results in S/kB up to ≈26 and 50

2

from Wanajo (2014)
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FIG. 8. Electron fraction of the post-merger remnant 10ms af-
ter merger. Left: Simulation from Paper I, using a global es-
timate of the neutrino average energy. Right: Simulation using
a local estimate of the neutrino average energy and evolving the
neutrino number density. Dashed lines show density contours of
⇢ = 1011, 1012, 1013 g/cm3. The latter simulation evolved towards
higher electron fractions everywhere but in the core of the post-
merger remnant. This is a generic feature in our simulations from
⇠ 5ms after the merger, with the two simulations slowly diverging
over time. The different density profiles are largely due to minor
variations in the phase of the excited mode of the neutron star rem-
nant.

neutrinos is taken into account, and will thus absorb neutri-
nos more rapidly. The second comes from the fact that our
new transport scheme considers different spectral shapes for
the neutrino energy density and the neutrino flux density, tak-
ing into account the faster diffusion of low-energy neutrinos
(see Appendix). The diffusion of the neutrino number density
is better modeled in our new scheme, and the composition of
optically thick regions will evolve faster than in Paper I. Fi-
nally, the simulation presented here consistently evolves the
neutrino number density on the grid. Conservation of the total
lepton number is thus guaranteed. The resulting difference in
the evolution of the electron fraction of the fluid is shown on
Fig. 8. Except in the core of the post-merger remnant, the fluid
evolves towards a higher electron fraction when evolving the
neutrino number density. This will naturally lead to a relative
decrease in ⌫̄

e

emission and an increase in ⌫
e

emission.
The inconsistency in the treatment of the total lepton num-

ber in the simulation from Paper I also leads to unreliable pre-
dictions for the number flux of neutrinos leaving the compu-
tational domain, as we show in Fig. 9. In theory, we expect
that the change in the total number of protons on the numeri-
cal grid satisfies dN

p

/dt ⇠ �(R
⌫

e

�R
⌫̄

e

), as both the change
in the total number of ⌫

e

and ⌫̄
e

on the numerical grid and the
change in N

p

due to mass outflows are small. We see that Pa-
per I predicted a larger rate of increase of the lepton number
within the grid than our simulation evolving the neutrino num-
ber density (which exactly conserves the total lepton number).
During the last 5ms of evolution, the change in proton number
measured on the numerical grid in the simulation evolving the
neutrino number density is dN

p

/dt ⇠ 2.1⇥10

57

s

�1, which is
roughly consistent with Fig. 9. In Paper I, the change in proton
number on the grid was dN

p

/dt ⇠ 5.8⇥10

56

s

�1, or ony 10%

of the value estimated in Fig. 9. This leads to a lower Y
e

in the
simulation from Paper I (Fig. 8), despite the neutrino fluxes

FIG. 9. Difference between the number flux of ⌫
e

and ⌫̄
e

measured
when evolving the neutrino number density (solid line). We also
show the same quantity, but obtained from the neutrino luminosity
and estimated neutrino energy used in Paper I (dashed line).

FIG. 10. Average energy of the neutrinos leaving the computational
domain as a function of time for the 3 species of neutrinos. Solid
lines show the results with the spatially varying average neutrino en-
ergy, while the dashed lines show estimates from the leakage scheme
when using a single global neutrino temperature in optically thin re-
gions, from Paper I.

indicating stronger emission of electron antineutrinos in that
simulation (Fig. 9). Due to this effect, the compositions of the
post-merger remnants in the two simulations slowly diverge,
starting ⇠ 5ms after merger. The improvement in the conser-
vation of the total lepton number is one of the main advantage
of our new transport scheme.

B. Estimated average neutrino energies

An important difference between this work and Paper I is
the computation of the average neutrino energy. We changed

5

FIG. 4. Energy flux of neutrinos leaving the computational domain as
a function of the angle ⇥ between the neutrino flux and the equatorial
plane (in degrees), 1ms after merger. Results are binned so that each
bin represents the same surface area on the unit sphere. The energy
fluxes are in units in which G = c = M� = 1.

FIG. 5. Same as Fig. 4, but 5ms after merger.

We also observe that, with our local prescription for the
computation of the average neutrino energy, the luminosity of
⌫
x

is decreased by ⇠ 30%� 40% compared to the simulation
using a global prescription presented in Paper I (see Fig. 7).
This is most likely due to a higher estimate of the average
neutrino energy (and thus higher opacity of the fluid to neu-
trinos) in this work, as discussed below. The luminosity of ⌫

e

and ⌫̄
e

is initially suppressed by ⇠ 20% � 30%, for the same
reason. At later times, we will see that our current estimates
of the average neutrino energy for ⌫

e

and ⌫̄
e

agree better with
the results of Paper I. Yet, at the end of the simulation, the ⌫̄

e

luminosity is only ⇠ 60% of its value in Paper I. The ⌫
e

lu-
minosity, on the other hand, rises to ⇠ 140% of its old value.
This is most likely due to a difference in the evolution of the
composition of the remnant, related to a better treatment of

FIG. 6. Same as Fig. 4, but 10ms after merger.

FIG. 7. Neutrino luminosity, measured as the total energy of neutri-
nos leaving the computational domain, for the 3 species of neutrinos.
Solid lines show the results with the spatially varying average neu-
trino energy presented here, while the dashed lines show results with
a single global neutrino temperature in optically thin regions, from
Paper I. Emission of ⌫̄

e

and ⌫
x

is significantly decreased when using
a local estimate of the average neutrino energy. We note that here and
in subsequent figures, global neutrino quantities are discontinuous at
t ⇠ 2ms. This is due to the addition of a lower level of refinement
as the matter expand, which leads us to compute the flux of neutrinos
out of the grid on a surface farther from the remnant. Neutrinos take
a finite time to propagate from the old measurement surface to the
new measurement surface.

the neutrino number density and, consequently, of the conser-
vation of the total lepton number.

There are a few important effects modifying the evolution
of the fluid composition with respect to Paper I. The first is
simply the change in our estimate of the neutrino average en-
ergies. As we will see in the next section, polar regions see
higher neutrino energies when the spatial dependence of the
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and neutrinos of all energies are emitted from a single spher-
ical surface, which results in the distribution function

f⌫(✏, µ, r) =
✓(µ� µ0(r))
exp(✏/T⌫) + 1

, (2)

where µ is the cosine of the angle of neutrino propagation
relative to the radial direction, µ0 =

p
1� (r⌫/r)2, T⌫ de-

fines the neutrino spectral temperature, ✓ is the Heaviside
step function, ✏ is the neutrino energy, and r⌫ is the radius
of neutrino emission. Inside of r⌫ , µ0 is assumed to smoothly
approach negative one over a tenth of r⌫ . The value of r⌫ can
be fixed by choosing a neutrino luminosity, L⌫ , and spectral
temperature. This model is crude, considering the disk like
geometry of the neutrino emitting region, but it is su�cient
for this study given that we are parameterizing the proper-
ties of the neutrino field anyway. In the following sections, we
consider models with fixed electron neutrino luminosities of
L⌫e = {0, 0.2, 1, 5, 25}⇥ 1052 erg s�1. The electron antineu-
trino luminosity is always fixed to be L⌫̄e = 1.5L⌫e , but
our results are insensitive to this choice due to the ↵-e↵ect.
These values are in the range found in the simulations of
Foucart et al. (2015a) and the di↵erence between the values
accounts for re-leptonization of the disk. Since only charged
current interactions are included in the nuclear network, the
properties of the heavy flavored neutrino fields do not a↵ect
our results. We employ constant luminosities to reduce the
number of parameters a↵ecting our nucleosynthesis calcula-
tions.

Where available, beta-decay and electron capture rates
from Fuller et al. (1982) and Langanke & Mart́ınez-Pinedo
(2000) are used. For nuclei for which these rates are not
available, the e↵ects of electron blocking and positron cap-
ture are approximately included by assuming that the entire
beta-decay strength is provided by a ground state to ground
state transition as described in Arcones et al. (2010). The
matrix element is chosen such that the beta-decay rate in
vacuum is equal to the REACLIB beta-decay rate. This pro-
cedure assumes a maximal Q-value and therefore provides a
lower limit on the importance of medium dependent e↵ects.

We perform nucleosynthesis postprocessing for all of
the ejected SPH trajectories. The network integration be-
gins at three milliseconds after merger. The initial condi-
tions are specified by the density and electron fraction at
which this temperature is reached and by NSE. The nuclear
abundances are then evolved in time along with the entropy
of the fluid element, which is self-consistently evolved due
to nuclear transmutation. The nuclear evolution is followed
until 1013 s after the merger, which allows for the decay of
all but a handful of long lived unstable isotopes.

3 RESULTS AND DISCUSSION

3.1 The Electron Fraction of the Ejecta

The electron fraction of the material ejected during the
BHNS merger is the most important parameter in deter-
mining the nucleosynthesis that occurs within the outflow
(e.g., Lippuner & Roberts 2015). Given the short dynam-
ical timescales and the lack of a hypermassive central NS
after the merger, it has often been assumed that the elec-
tron fraction of the dynamical ejecta from BHNS mergers
is set solely by the initial beta-equilibrium electron fraction
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Figure 4. Mass weighted histogram of the electron fraction in
the ejecta from model M12-7-S9 assuming fixed electron neutrino
luminosities of {0, 0.2, 1, 5, 25}⇥1052 erg s�1. For comparison, we
also show the electron fraction histogram in a 1.2M� LS neutron
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Figure 5. Evolution of the electron fraction and weak rates as
a function of time for a characteristic fluid element. The electron
neutrino luminosity is assumed to be 1053 erg s�1. Because of
the relatively low entropy of the BHNS ejecta and because of the
low initial density of our calculations, neutrino interaction rates
dominate the electron and positron capture rates but neither have
a large impact on the electron fraction of the outflow. The increase
in Ye seen after around 100 ms is due to beta-decay during the
r-process.

of the NS from which the material was ejected (Just et al.
2015). If there are not a substantial number of weak inter-
actions during and after the merger, the electron fraction
will be low enough that an r-process involving a significant
number of fission cycles will occur: the outer layers of a NS
have Ye < 0.1 and the critical value for producing r-process
material at low entropy is Ye ⇡ 0.25 (e.g. Kasen et al. 2015;
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Figure 8. Angular distribution (upper half of each panel) and composition (lower half of each panel) of the ejecta for the LK QC (upper
panel) and M0 QC (lower panel) simulations as a function of time. The data is collected on a coordinate sphere at radius r = 200 M� '
295 km and only considers the unbound part of the outflow (i.e., with u

t

6 �1). The gray shaded areas refer to times/angles for which
we do not measure any outflow of unbound matter (i.e., where u

t

> �1). The ejection event is of very short duration and the outflow
is confined within a broad ⇠ 60� angle from the equator. The material at low altitudes is typically more neutron rich than at higher
altitudes, suggesting a di↵erent ejection mechanisms for the di↵erent components of the outflow.
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Figure 9. Final abundances in the ejecta for the RP7.5, RP10 and QC configurations. The yields are normalized with the total abundance of
elements with 63 6 A 6 209. For each configuration we consider three di↵erent levels of microphysical description (pure hydrodynamics,
HY or leakage with only cooling, LK, or with heating/absorption included, M0). The abundance pattern for elements with A & 120 is very
robust and in overall good agreement with the Solar r-process abundances taken from Arlandini et al. (1999).
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ical surface, which results in the distribution function

f⌫(✏, µ, r) =
✓(µ� µ0(r))
exp(✏/T⌫) + 1

, (2)

where µ is the cosine of the angle of neutrino propagation
relative to the radial direction, µ0 =

p
1� (r⌫/r)2, T⌫ de-

fines the neutrino spectral temperature, ✓ is the Heaviside
step function, ✏ is the neutrino energy, and r⌫ is the radius
of neutrino emission. Inside of r⌫ , µ0 is assumed to smoothly
approach negative one over a tenth of r⌫ . The value of r⌫ can
be fixed by choosing a neutrino luminosity, L⌫ , and spectral
temperature. This model is crude, considering the disk like
geometry of the neutrino emitting region, but it is su�cient
for this study given that we are parameterizing the proper-
ties of the neutrino field anyway. In the following sections, we
consider models with fixed electron neutrino luminosities of
L⌫e = {0, 0.2, 1, 5, 25}⇥ 1052 erg s�1. The electron antineu-
trino luminosity is always fixed to be L⌫̄e = 1.5L⌫e , but
our results are insensitive to this choice due to the ↵-e↵ect.
These values are in the range found in the simulations of
Foucart et al. (2015a) and the di↵erence between the values
accounts for re-leptonization of the disk. Since only charged
current interactions are included in the nuclear network, the
properties of the heavy flavored neutrino fields do not a↵ect
our results. We employ constant luminosities to reduce the
number of parameters a↵ecting our nucleosynthesis calcula-
tions.

Where available, beta-decay and electron capture rates
from Fuller et al. (1982) and Langanke & Mart́ınez-Pinedo
(2000) are used. For nuclei for which these rates are not
available, the e↵ects of electron blocking and positron cap-
ture are approximately included by assuming that the entire
beta-decay strength is provided by a ground state to ground
state transition as described in Arcones et al. (2010). The
matrix element is chosen such that the beta-decay rate in
vacuum is equal to the REACLIB beta-decay rate. This pro-
cedure assumes a maximal Q-value and therefore provides a
lower limit on the importance of medium dependent e↵ects.

We perform nucleosynthesis postprocessing for all of
the ejected SPH trajectories. The network integration be-
gins at three milliseconds after merger. The initial condi-
tions are specified by the density and electron fraction at
which this temperature is reached and by NSE. The nuclear
abundances are then evolved in time along with the entropy
of the fluid element, which is self-consistently evolved due
to nuclear transmutation. The nuclear evolution is followed
until 1013 s after the merger, which allows for the decay of
all but a handful of long lived unstable isotopes.

3 RESULTS AND DISCUSSION

3.1 The Electron Fraction of the Ejecta

The electron fraction of the material ejected during the
BHNS merger is the most important parameter in deter-
mining the nucleosynthesis that occurs within the outflow
(e.g., Lippuner & Roberts 2015). Given the short dynam-
ical timescales and the lack of a hypermassive central NS
after the merger, it has often been assumed that the elec-
tron fraction of the dynamical ejecta from BHNS mergers
is set solely by the initial beta-equilibrium electron fraction
of the NS from which the material was ejected (Just et al.

0.05 0.10 0.15 0.20 0.25
Ye

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

M
as

s
[M

�
]

Full NSL⌫e

L⌫e,52 = 0

L⌫e,52 = 0.2

L⌫e,52 = 1
L⌫e,52 = 5

L⌫e,52 = 25

Figure 4. Mass weighted histogram of the electron fraction in
the ejecta from model M12-7-S9 assuming fixed electron neutrino
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also show the electron fraction histogram in a 1.2M� LS neutron
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Figure 5. Evolution of the electron fraction and weak rates as
a function of time for a characteristic fluid element. The electron
neutrino luminosity is assumed to be 1053 erg s�1. Because of
the relatively low entropy of the BHNS ejecta and because of the
low initial density of our calculations, neutrino interaction rates
dominate the electron and positron capture rates but neither have
a large impact on the electron fraction of the outflow. The increase
in Ye seen after around 100 ms is due to beta-decay during the
r-process.

2015). If there are not a substantial number of weak inter-
actions during and after the merger, the electron fraction
will be low enough that an r-process involving a significant
number of fission cycles will occur: the outer layers of a NS
have Ye < 0.1 and the critical value for producing r-process
material at low entropy is Ye ⇡ 0.25 (e.g. Kasen et al. 2015;
Lippuner & Roberts 2015). Neutrinos can impact the elec-
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tron fraction of the ejecta of binary NS mergers (Wanajo
et al. 2014; Goriely et al. 2015; Foucart et al. 2015a; Palen-
zuela et al. 2015; Radice et al. 2016). In binary NS mergers,
a large fraction of the prompt ejecta comes from the shock
heated material in the interaction region of the two NSs
(Palenzuela et al. 2015). The increased temperatures and the
large neutrino fluences near this material increases Ye sig-
nificantly and can sometimes drastically alter the character
of nucleosynthesis in the outflow. In the BHNS case, there is
no interaction region during the tidal disruption of the NS,
and matter ejection when the tidal stream self-intersects is
very subdominant (Foucart et al. 2015b). The case M14-5-
S9 has the most massive ejection from the tidal stream col-
lision (Deaton et al. 2013) of these BHNS, but even for this
case the imprint of this secondary ejecta source on the over-
all outflow composition is small. Therefore, the ejected ma-
terial has a lower average entropy and electron fraction than
neutron star–neutron star (NSNS) merger ejecta and there
is no significant neutrino emission until a disk has formed
around the BH. Here, we consider the extent to which neu-
trino interactions can alter the distribution of Ye just before
r-process nucleosynthesis begins in the ejecta.

We estimate the e↵ect of neutrino captures on the
BHNS outflows by considering the maximum disk neutrino
luminosities found by Foucart et al. (2014). The neutrino
luminosity coming from the disk in both electron neutrinos
and antineutrinos is around 1053 erg s�1. Although the sim-
ulations of Foucart et al. (2014) used a gray leakage approx-
imation, we can get some estimate of the average neutrino
energies from the temperature of the emission region which
was around 5MeV, which suggests average neutrino energies
around ✏⌫ ⇡ 3.15T ⇠ 15MeV (e.g., Foucart et al. 2015b).
We can then estimate the neutrino processing timescale as

⌧⌫(r) ⇡ 67.8ms
⇣ r
250 km

⌘2

L�1
⌫e,53T

�1
⌫e,5 , (3)

where r is the radius of the fluid element, L⌫e,53 is the
electron neutrino luminosity in units of 1053 erg s�1, and
T⌫e,5 is the electron neutrino spectral temperature in units
of 5 MeV. Electron antineutrinos are unlikely to contribute
significantly to the neutrino interaction timescale. This is
because in the low entropy outflows of BHNS mergers al-
most all protons are locked in heavy nuclei and thus have
very low neutrino capture cross-sections.

The change in Ye due to neutrino interactions can be
estimated by assuming that the tidal ejecta has a constant
velocity v, the neutrino luminosity is constant, electron and
positron capture are unimportant, protons are locked into
heavy nuclei, and there is a finite time after merger at which
neutrinos start being emitted from the disk. With these as-
sumptions, the evolution of Ye as a function of radius is given
by

dYe

dr
=

✓(r � vt⌫,on)
v⌧⌫(r)Ye,eq

(Ye,eq � Ye) , (4)

where Ye,eq = hZinuclei/hAinuclei, and t⌫,on is the time af-
ter merger at which the neutrino luminosities reach their
saturation value.

Assuming a constant average proton and neutron num-
bers of the heavy nuclei, this can easily be integrated to

large radius to find the final electron fraction

Ye,f ⇡ Ye,eq


1� exp

✓
� r0
v⌧⌫(r0)Ye,eq

◆�

+ Ye,i exp

✓
� r0
v⌧⌫(r0)Ye,eq

◆
, (5)

where r0 = t⌫,onv. Using the outflow velocity and neutrino
luminosities calculated in the M12-7-S9 model of Foucart
et al. (2014) (v ⇡ 0.25 c, L⌫e ⇡ 1053 erg s�1, and t⌫,on ⇡
3ms) we find that the post neutrino interaction electron
fraction is Ye,f ⇡ 0.07 if the Ye,eq is close to a half. Given
that the r-process is robustly produced below Ye ⇡ 0.25,
this suggests that neutrino interactions are much less likely
to play a significant role in determining the composition of
the ejecta in BHNS mergers relative to binary NS mergers,
although this estimate is sensitive to t⌫,on and the velocity
of the outflow.

To make this more concrete, we run nucleosynthesis cal-
culations for the M12-7-S9 model including neutrino interac-
tions induced by a constant neutrino luminosity, modeled as
described above. Similar results are found for the other two
models discussed in Section 2.1. In Figure 5, the weak inter-
action rates and the electron fraction are shown for a single
particle. Because our Lagrangian trajectories start at 3 ms
after the merger, the initial density in the ejected material
is below about 1010 g cm�3 and lepton captures are domi-
nated by neutrino captures for neutrino luminosities above
about 1052 erg s�1. The neutrino interaction rates fall o↵ as
a power law in time, since this particular particle is moving
away from the merger site at constant velocity in a nearly
radial direction. Other particles can deviate from power law
behavior at early times, but not strongly. As was expected
from our estimates above, the neutrino interaction timescale
is long compared to the outflow timescale and very little evo-
lution of the electron fraction occurs during the first 10 ms.
The evolution of Ye after about 20 ms is driven by beta-
decays occurring during the r-process.

To look at the e↵ect of weak interactions globally, the
distribution of Ye in the material ejected in model M12-
7-S9 is shown in Figure 4 for a range of assumed neu-
trino luminosities. The GRHD simulations described in Sec-
tion 2.1 include electron and positron captures, but do not
include neutrino captures. The SPH simulations which fol-
low the long term evolution of the ejecta include no weak
interactions. Therefore, we include weak interactions in our
post-processing nucleosynthesis calculations to assess their
impact on Ye. As we expect, the ejected material is very
neutron-rich, but becomes slightly less neutron rich with in-
creasing electron neutrino luminosity. The distribution of
the electron fraction in the whole NS is also shown to em-
phasize that the ejecta in the absence of neutrinos has a
significantly lower Ye than the average Ye of a cold 1.2M�
NS calculated using the LS220 EOS. The beta-equilibrium
value of Ye increases with density, so that the outer lay-
ers of the NS—which comprise most of the ejecta—have a
lower electron fraction. The average electron fraction in the
ejecta is 0.053, 0.053, 0.054, 0.062, and 0.127, for neutrino
luminosities of {0, 0.2, 1, 5, 25}⇥ 1052 erg s�1.

MNRAS 000, 000–000 (0000)

Low entropy tidal ejecta -> small 
electron/positron capture rates

Neutrino reactions are  
somewhat faster 

Still to slow to impact Ye significantly, 
but can impact the first peak 

nucleosynthesis in the dynamical ejecta



Neutrinos

No	Neutrinos

ne + n ! p + e� (1)
2p + 2n ! a 3a + n (2)

!12 C + n (3)
12C + n... (4)

1

ne + n ! p + e� (1)
2p + 2n ! a (2)

3a + n !12 C + n (3)
12C + n... (4)

1

ne + n ! p + e� (1)
2p + 2n ! a (2)

3a + n !12 C + n (3)
12C + n... (4)

1

ne + n ! p + e� (1)
2p + 2n ! a (2)

3a + n !12 C + n (3)
12C + n... (4)

1

First	r-Process	Peak	Production	in	BHNS	
Mergers	



Neutrinos

No	Neutrinos

ne + n ! p + e� (1)
2p + 2n ! a 3a + n (2)

!12 C + n (3)
12C + n... (4)

1

ne + n ! p + e� (1)
2p + 2n ! a (2)

3a + n !12 C + n (3)
12C + n... (4)

1

ne + n ! p + e� (1)
2p + 2n ! a (2)

3a + n !12 C + n (3)
12C + n... (4)

1

ne + n ! p + e� (1)
2p + 2n ! a (2)

3a + n !12 C + n (3)
12C + n... (4)

1

First	r-Process	Peak	Production	Method	2
6 ⌅ [TODO: short authors]

Figure 5. Mass weighted histogram of the electron fraction in
the ejecta from model M12-7-9 assuming fixed electron neutrino
luminosities of {0, 1, 3}⇥1053erg/s (the blue, red, and yellow lines,
respectively), and the electron fraction in a 1.2M� LS neutron star
(cyan line).

We now consider the detailed nucleosynthesis of the
ejecta for M12-7-9 and M14-7-8, both with and without
neutrinos. In general, we confirm previous work that has
shown BHNS mergers dynamically eject a large amount
of r-process rich material (Roberts et al. 2011; Just et al.
2015, e.g.). Using the density histories and electron frac-
tions of particles extracted from our SPH simulations,
calculations of nucleosynthesis in the ejecta are run.

In figure 6, the integrated nucleosynthesis from the
model M12-7-9 is shown. Since the neutrino emission
from the accretion torus formed after the BHNS merger
is uncertain, we calculate the final nucleosynthetic yields
of M12-7-9 assuming an electron neutrino luminosity of
0, 5 ⇥ 1052, 1 ⇥ 1053, 3 ⇥ 1053, and 5 ⇥ 1053 erg s�1. In
all cases, the electron antineutrino luminosity is fixed at
1.5⇥1053 erg s�1 and the electron neutrino and antineu-
trino average energies are fixed at 12 MeV and 15MeV.

Both the second and third r-process peaks are robustly
produced, independent of the neutrino luminosity. Given
the the low electron fractions found in the ejecta at the
start of neutron capture, robust production of the r-
process is not surprising (Lippuner & Roberts 2015). In
all of the models, reactive flow proceeds past the third
peak before neutron exhaustion occurs in the vast ma-
jority of the simulated fluid elements and fission cycling
proceeds. We find that on average ⌅ [TODO: Calculate
the average number of fission cycles] fission cycles occur in
the ejecta and the number of cycles is weakly dependent
on the neutrino luminosity (for the luminosities consid-
ered here). Therefore, the abundance pattern above mass
⇠ 90 is robust to the total neutrino luminosity and the
properties of the merging system.

We find the abundance of the first peak at mass 78 de-
pends on the neutrino luminosity, in contrast to the sec-
ond and third peaks which are indepedent of the neutrino
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Figure 6. Comparison of the integrated nuclear abundances in
model M12-7-9 assuming di↵erent fixed neutrino irradiation from
the nascent accretion disk. We also include the scaled solar abun-
dance r-process distribution for comparison.

luminosity. This first peak production is driven by low
mass r-process seed production after material falls out of
NSE. The material is composed of heavy nuclei and free
neutrons when strong equilibrium ceases to hold. Since
the material is still relatively close to the accretion torus
a few milliseconds after it is ejected, a significant num-
ber of electron neutrinos can capture on the free neu-
trons. The produced protons then rapidly capture on
neutrons and form deuterium, which can then capture
another deuteron to form an alpha particle ⌅ [TODO:
See if the lack of tritium production reactions in the net-
work matters]. These alpha particles can then undergo a
neutron catalyzed triple-alpha reaction, similar to what
occurs in neutron rich neutrino driven winds (Ho↵man
et al. 1997), to produce low mass seed nuclei for the
r-process. This non-equilibrium neutrino induced seed
production creates a distinct set of seed nuclei that can
undergo neutron capture, since the seeds produced by the
NSE distribution tend to be between mass 78 and 100.
A large number of the low mass seeds do not get pro-
cessed past the N=50, Z=28 point in the r-process path
before neutron exhaustion occurs because of the long
beta-decay half lives in that region of the chart of the
nuclides. Therefore, these neutrino produced seed nu-
clei are responsible for producing the first peak r-process
nucleosynthesis seen in our simulations. This e↵ect of
neutrino irradiation of the outflow is distinct from the
one discussed by Wanajo et al. (2014) and Goriely et al.
(2015), where the neutrino luminosities are high enough
to push the electron fraction over ⇠ 0.25 and stop pro-
duction of the second and third peaks.

The total abundance of material produced by this pro-
cess can be estimated by simply using the results from
section 3.2. Low mass seed production proceeds via the
neutron catalyzed triple alpha process, so it takes six
protons to make a seed nucleus. The rate of proton pro-
duction is just Ẏe, so the total number of low mass seed
nuclei produced by neutrino interactions is

Yls ⇡ Ye,f�Ye,i =
Ye,eq � Ye,i

6


1 � exp

✓
� r0
v⌧⌫(r0)Ye,eq

◆�
.

(6)
This estimate implies that around 2 ⇥ 10�3 seed nuclei
per baryon are produced by this process, assuming the
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Figure 2. Mass distribution of the ejecta electron fraction for
HMNS models at the time when the temperature is > 5 GK for
the last time for each tracer particle.

rium Ye of the disk; §3.1). As long as the HMNS is present,
the disk neutrino luminosities are approximately the same
in all cases, consistent with re-radiation of the HMNS lumi-
nosities, and the di↵erent models are separated by a shift in
time depending on the lifetime of the HMNS.

The mean neutrino energies emitted by the disk are
shown in the right panel of Figure 1. Given the low initial
abundance of protons, the optical depth for antineutrinos is
initially low, and antineutrino energies are higher by ⇠ 10%
than neutrino energies until t ⇠ t

visc

, by which time the
derease in disk density has gradually lifted the degeneracy
and weak interactions have driven the inner disk close to
Ye ⇠ 0.4. The neutrino/antineutrino energies are the same
between HMNS models until the HMNS collapses, each fol-
lowing the same general evolution pattern but shifted in
time. Since the disk mostly re-radiates neutrinos from the
HMNS, the mean neutrino energies drop sharply when the
HMNS collapses.

In the models that start out with a BH at the center
(B070, B090, BF15, and H000, which has � = 0), a more
rapidly spinning BH results in higher neutrino luminosities
and mean neutrino energies. This occurs because larger spins
are associated with smaller ISCO radii. Hence the disk ma-
terial can convert more gravitational energy into thermal en-
ergy, resulting in more intense neutrino emission with higher
mean energies. In model BF15, the central BH is more mas-
sive (8.1M� compared to 3M� in H000, B070, and B090),
which results in a larger ISCO radius. The disk has nearly
the same density peak radius as the other models, but the
initial condition is not in equilibrium. Therefore, accretion
proceeds more intensely at early times than in the other BH
models, speeding up the disk evolution despite its slightly
longer initial viscous time (smaller H/R in equation 4, which
overcomes the e↵ect of a larger BH mass).

3.3 Ejecta properties

In order to associate the thermodynamic properties of the
disk with the nucleosynthesis outcome from each trajectory,
we use the value of the electron fraction (Ye,5GK

) and spe-

cific entropy (s
5GK

) at the last time when the temperature
of the tracer particle drops below 5 GK. For the rare cases
in which the temperature of the trajectory is always be-
low 5 GK, we use the initial values of Ye and s for Ye,5GK

and s
5GK

, respectively. Once the temperature drops below
approximately 5 GK, the composition moves out of NSE
and a full network evolution is required to evolve the abun-
dances. Therefore Ye,5GK

and s
5GK

are the initial conditions
for nucleosynthesis. Note that the reaction network evolu-
tion starts when the temperature drops below 10 GK, but
SkyNet can also evolve the composition while NSE holds.

The distribution of mass ejected as a function of Ye,5GK

is shown in Figure 2 for all HMNS models with non-zero vis-
cosity. A trajectory is considered to have been ejected when
it crosses the surface r = 109 cm. There is a strong cor-
relation between the HMNS lifetime and both the amount
of mass ejected and the mean Ye,5GK

of the distribution
(Metzger & Fernández 2014). The disk ejecta ranges from
6 to nearly 100% of the initial disk mass. The longer the
HMNS lives, the longer the disk material is subject to
strong neutrino heating, which combines with viscous heat-
ing and nuclear recombination to eject material on the vis-
cous timescale. A longer HMNS lifetime also allows more
material from the inner disk to be ejected instead of being
swallowed by the BH. That material from the inner disk
reaches beta equilibrium and hence its ejection results in
a higher mean electron fraction. Table 2 shows the num-
ber of ejected particles (out of the initial 10,000 particles
in each model) and the total ejected mass. Also shown is
the amount of mass ejected with Ye,5GK

6 0.25, which is
neutron-rich enough to robustly make the full r-process (see
next section and, e.g., Lippuner & Roberts 2015).

We note that the amount of mass ejected with Ye,5GK

6
0.25 is roughly constant between (0.5�0.8)⇥10�3 M� once
the HMNS lives for 30 ms or longer, despite the total ejecta
mass di↵ering by an order of magnitude. This is the result
of two competing e↵ects: a longer HMNS lifetime increases
the total ejecta mass, but it also increases the average elec-
tron fraction of the ejecta, thus reducing the fraction of
the ejected mass that has Ye,5GK

6 0.25. These two e↵ects
counteract each other, leaving the absolute amount of mass
ejected with Ye,5GK

6 0.25 roughly constant.
The thermodynamic properties of the ejecta for model

H300 (HMNS with lifetime ⌧ = 300 ms) are illustrated in
Figure 3 through the electron fraction Ye,5GK

, specific en-
tropy s

5GK

, final velocity v
final

, ejecta mass, and the time
t
5GK

when the temperature is 5 GK for the last time. Two
ejecta components stand out from the scatter plot of Ye,5GK

versus s
5GK

. The larger component is ejected before the
HMNS collapses, i.e. t

5GK

. 300 ms, and it exhibits a tight
correlation between the entropy and electron fraction up to
Ye,5GK

⇠ 0.5. This is indicative of a neutrino-driven wind,
and indeed we would expect the asymptotic Ye to be ⇠ 0.55
based on the neutrino properties shown in Figure 1 (Qian
& Woosley 1996). Note that the vast majority of the ejecta
with Ye,5GK

& 0.4 or v
final

& 0.03 c is part of this early wind-
like ejecta, with a much smaller group of particles extending
to low velocities and low electron fractions.

The second component is ejected after the HMNS has
collapsed to a BH, i.e. t

5GK

& 300 ms, and it has only a weak
correlation between Ye,5GK

and s
5GK

. This component is as-
sociated with mass ejection as the disk reaches the advec-

c� 2017 RAS, MNRAS 000, 1–17

from Lippuner, Fernandez, LR, et al. (2017)

see e.g. Metzger & Fernandez 14, Just et al. 15, Siegel & Meter 2018



Disk	ejecta

• Material in the remnant disk also 
experiences a large number of 
weak interactions, beta-
equilibrates


• Broad range of Ye, depending 
on the lifetime of the hyper 
massive neutron star


• Ratio of weak to strong r-
process sensitive to the lifetime 
of the central object 

from Lippuner, Fernandez, LR, et al. (2017)
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Figure 4. Final trajectory-averaged abundances as a function
of mass number, scaled by the total ejecta mass, for all models
with non-zero viscosity. The observed solar r-process abundances
(Arnould et al. 2007) are scaled to match the second peak of the
HMNS models at A = 130 (none of the abundances from our
models have been scaled).

outflow, and then they are ejected again almost immediately.
This creates a spike in their density profile that results in sig-
nificant heating, as evidenced by the fact that they all have
T > 5 GK at t ⇠ 2 s. However, before this late-time heating
occurs, r-process nucleosynthesis has already taken place in
these trajectories, and all free neutrons have been captured
onto seed nuclei. Thus, the composition before the heating
spike consists of heavy elements with �-decay half-lives of
milliseconds to seconds. These elements decay and raise the
overall electron fraction of the material to Ye ⇠ 0.38� 0.40,
which is the characteristic Ye at 1� 3 seconds after neutron
exhaustion for the r-process, for a wide range of initial Ye.
The late-time heating then simply pushes the material back
into NSE, but the electron fraction remains unchanged. The
resulting entropy depends on the amount of heating received
by each trajectory, as determined by how far the material
falls back into the disk. This class of trajectories therefore
ends up with electron fractions Ye,5GK

⇠ 0.38 � 0.40 and
nucleosynthesis start times of t

5GK

⇠ 2 s, with uncorrelated
entropies.

3.4 Nucleosynthesis

3.4.1 Final abundances

The mass-averaged composition of the ejecta for all mod-
els with non-zero viscosity is shown in Figure 4. The abun-
dances are multiplied by the total ejecta mass to empha-
size their relative contributions to the di↵erent r-process
regions. Models H000 and H010 (prompt non-spinning BH
and shortest-lived HMNS, respectively) agree most closely
with the Solar System r-process abundances (Arnould et al.
2007), which have been scaled to match the second peak at
A = 130 (the abundances from our models have not been
scaled). The abundances around the third r-process peak in
these two models approach the solar values, whereas in all
other models production of the third peak is too low com-
pared to solar. H000 and H010 also have the best agreement

with the solar rare-earth peak around A ⇠ 165. While these
two models under-produce the first r-process peak (A ⇠ 80),
they agree rather well with the feature around A ⇠ 100, in
contrast to all other models which over-produce it.

While the good agreement between models H000/H010
and the solar r-process abundances could be taken as an in-
dication of short HMNSs lifetimes being more common, one
has to keep in mind that Figure 4 assumes that the entire
second solar r-process peak is due to the disk outflow. Other
sources such as the dynamical ejecta from NSNS/NSBH
mergers and core-collapse supernovae can also produce sig-
nificant amounts of r-process elements. The expected abun-
dance patterns are weighted toward the third peak for the
dynamical ejecta (e.g., Goriely et al. 2011; Wanajo et al.
2014; Roberts et al. 2017) and toward the first peak for
core-collapse supernovae (e.g., Wanajo 2013; Shibagaki et al.
2016; Vlasov et al. 2017). The solar r-process abundance
is thus the outcome of the contribution from each source
weighted by their rate and yield per event.

In all models, the third peak is shifted to slightly
higher mass numbers, which is a well-known shortcoming
of the FRDM mass model (e.g., Mendoza-Temis et al. 2015;
Mumpower et al. 2016). We also see an abundance spike at
A = 132 in all models. This spike is due to some trajec-
tories experiencing late-time heating that photodissociates
neutrons from synthesized heavy elements. This results in
additional neutron capture and a pile up of material at the
doubly magic nucleus 132Sn (N = 82 and Z = 50). Wu
et al. (2016) also observed this phenomenon and described
it in detail.

The models with longer HMNS lifetimes have less
neutron-rich ejecta (Figure 2) and hence synthesize a greater
fraction of first peak material. Once the HMNS lifetime is
longer than 100 ms, the first peak (70 6 A 6 90) is over-
produced with respect to the solar values, when the abun-
dances are normalized to the second peak. Again, we em-
phasize that the r-process yield from disk outflows is com-
plementary to that from the dynamical ejecta, which tends
to produce more neutron-rich nuclei.

We quantify the relative contribution of each model to
the di↵erent regions of the r-process distribution by comput-
ing average abundances around the peaks and normalizing
them to the solar values. The abundance of the second peak
Y
2nd

is computed as the sum of the abundances in the range
125 6 A 6 135, excluding A = 132 to avoid the spike at
that mass number. For the first peak abundance Y

1st

, we
use the sum of abundances in the range 70 6 A 6 90. For
the rare-earth peak Y

RE

, we use 160 6 A 6 166 and for the
third peak we use 186 6 A 6 203. The quantity [Y

1st

/Y
2nd

]
shown in Table 2 is defined as

[Y
1st

/Y
2nd

] = log
10

Y
1st

Y
2nd

� log
10

Y
1st,�

Y
2nd,�

, (5)

where Y
1st,� and Y

2nd,� are the abundances of the third
and second peak as observed in the solar system, respec-
tively. The same procedure is used to compute [Y

RE

/Y
2nd

]
and [Y

1st

/Y
2nd

]. Using the solar r-process abundances from
Arnould et al. (2007), we find log Y

1st,�/Y
2nd,� = +1.3,

log Y
RE,�/Y

2nd,� = �1.1, and log Y
3rd,�/Y2nd,� = �0.42,

which we use to normalize the values shown in Table 2.
The di↵erent peak ratios shown in Table 2 quantify the

trends apparent in Figure 4. For models H000 and H010,

c� 2017 RAS, MNRAS 000, 1–18

see e.g. Metzger & Fernandez 14, Just et al. 15, Siegel & Meter 2018



Jet	Driven	Supernovae

• Rapidly	rotating,	magnetized	SNe	
• Full	3D	Dynamics	also	important	
here	

• Kink	instabilities	in	jet	significantly	
change	dynamics	and	impact	
nucleosynthesis

�25
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Figure 5. Electron fraction Ye as a function of time for simulation B13 (left), B12-sym (center), and B12 (right) for representative particles. Differently colored
lines indicate results for different neutrino luminosities used in the nuclear network calculation. Black lines indicate results using the neutrino luminosities from
the tracer particles advected with the simulations. The particle in simulation B13 reaches the lowest Ye values while simulations the particles in simulation
B12-sym and B12 turn around at higher and higher minimum Ye values.

tle time in the region where neutrino radiation is the strongest
and maintain a very low electron fraction.

For model B12-sym the evolution differs as it takes ' 20 -
30rm before a jet explosion is launched and the propagation
of the jet is slower than in model B13. Tracer particles that
accrete towards the protoneutron star therefore spend more
time in the strong neutrino field. This leads to a higher Ye on
average for the particles that get ejected.

In model B12 the explosion dynamics are drastically differ-
ent than in models B13 and B12-sym. An explosion only de-
velops after t ' 80ms and the propagation speed of the explo-
sion is a factor of a few slower than for the true jet explosion
in models B13 and B12-sym. This leads to a sifnificanly pro-
longed dwell time of the particles in the neutrino field, raising
their Ye significantly compared to models B13 and B12.

We show neutrino luminosities for both electron and anti-
electron neutrinos in Fig. 4 for representative tracer particles
from simulations B13, B12-sym, and B12. After the initial
neutrinozation burst visible for simulations B13 and B12-sym
in the first 20 ms of postbounce evolution the neutrino lumi-
nosities for both electron and antielectron neutrinos converge
towards a value of ' 51052ergs-1.

We show the time evolution of the electron fraction Ye for
representative tracer particels from models B13, B12-sym,
and B12 in Fig.5. The original tracer particle data is shown as
the black-dashed line. The four colored lines indicate the Ye
evolution as obtained from the nuclear reaction network cal-
culation using four constant neutrino luminosities. The solid
black lines show the Ye evolution using the neutrino luminosi-
ties as obtained from the tracer particles. We parametrize the
neutrino luminosities for the network calculation to determine
how much of an impact uncertainties in the neutrino trans-
port approximation of the simulation have on the nuclear net-
work calculation. For model B13 the selected particle reaches
a lowest Ye value of 0.15 and spends a significant amount
of time at low Ye values compared to models B12-sym and
B12. For simulations B12-sym and B12 the selected parti-
cles spend overall less time at low Ye values. In all simula-
tions, higher neutrino luminosities push the particle Ye val-
ues more quickly towards the higher end. This is particu-
lar pronounced for neutrino luminosities L⌫ = 1052 erg/s and
L⌫ = 1053 erg/s. The neutrino luminosities recorded from the
tracer particles peak at a few L⌫ = 1052 erg/s and are bracketed
by the L⌫ = 1052 erg/s and L⌫ = 1053 erg/s constant luminosi-
ties cases.

Simulation B13 B12-sym B12
Me je,tot 0.0281 0.0043 0.0048
Me je,r 1.40 1.20 2.830

Table 1
Total and r-process ejecta masses for the three simulations B13, B12-sym,
and B12 in solar masses. ⌅ [TODO: update r-process ejecta mass and

cmp to nishimura/winteler]

3.3. Ejecta material
More important than a single representative tracer for the

nucleosynthetic outcome of the explosion is the total amount
of ejected material and the properties of the ejecta. Table ??
summarizes the mass of the total and r-process ejecta mate-
rial for models B13, B12-sym, and B12. The ejecta mass
for simulation B13 is an order of magnitude larger than for
simulations B12-sym and B12. This is due to the immedi-
ate jet launch after core bounce and the propagation speed
of v ' 0.2c. All of the ejected mass measurements are only
lower bounds on the total ejecta mass as the ejecta mass is still
increasing at the end of the simulations.

The properties of the ejecta vary significantly between the
simulations. Most important for the r-process nucleosynthetic
signature of the explosion is how neutron rich the ejected ma-
terial is. We show the distribution of electron fraction Ye for
all particles in the ejected material at the start of the nuclear
network calculation in Fig. 6. For this we bin the values of
Ye in 0.02 intervals covering a range of 0.1  Ye  0.5 and
weight the particles with their masses respectively. The left
panel shows simulation B13, the center panel B12-sym, and
the right panel model B12. The differences in the ejecta prop-
erties between jet-exlosions (simulations B13 and B12-sym)
and 3D dual-lobe explosion (B12) are significant. For simula-
tion B13 a significant fraction of particles has Ye values below
0.2, the distribution is peaked at ⇠ Ye = 0.24. In model B12-
sym, there is a equally pronounced peak at Ye ' 0.24 but no
material at Ye values below 0.2. Instead there’s material with
Ye values between 0.25 and 0.3. In simulation B12 the peak
of the Ye values from the tracer particles is at 0.22 but the
distribution is significantly wider spanning from Ye values of
0.12 to 0.4. Simulation B13 has the highest amount of ejecta
with Ye < 0.25. The amount of low Ye-material is a factor of
10 higher than in simulations B12-sym and B12. The amount
of material with Ye values below 0.25 for simulation B12-sym
in turn is a factor of few a higher than in simulation B12.
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Figure 1. 2D xz-slices (z being the vertical) of specific entropy s for models B13 (left), B12-sym, (center), and B12 (right) towards the end of each simulation.
The rendering size is 1000kmx1000km. The colormaps vary slightly to best represent each simulation and are shown in the panels. B13 and B12-sym show a
clear jet explosion, while B12 explodes in a dual-lobe fashion.⌅ [TODO: Fix e25b12-oct time, annotate]

Figure 2. Volume renderings of entropy for models B13 (left), B12-sym (center), and B12 (right) at the same times as in Fig. 1. The z-axis is the rotation
axis of the protoneutron and we show 2000km on a side. The colormap is chosen such that blue corresponds to s0 = 3.7kb baryon-1, cyan to s = 4.8kb baryon-1

indicating the shock surface, green to s = 5.8kb baryon-1, yellow to s = 7.4kb baryon-1, and red to higher entropy material at s = 10kb baryon-1.⌅ [TODO: Fix
volren colormaps, annotate]

Nishimura et al. (2015) have studied the r-process nucleosyn-
thetic signatures of a range of 2D axisymmetric MHD CCSN
simulations and found that in prompt explosions a robust r-
process abundance pattern is recovered, while for delayed ex-
plosions the aboundance pattern differs from the solar one in
the third and second peak.

We present results on r-process nucleosynthesis from
full 3D dynamical-spacetime general-relativistic MHD
(GRMHD) simulations of rapidly rotating magnetized
CCSNe. We carry out simulations with initial fields of
1013 G and 1012 G in full unconstrained 3D and compare
with simulations starting from identical initial conditions but
that remain axisymmetric in their dynamics. We extract the
thermodynamic history that the ejected material encountered
via Lagranian tracer particles. Nucleosynthetic yields are
calulcated via the open-source nuclear reaction network (?).
We investigate the impact of neutrino radiation on the nu-
cleosynthetic yields from the simulations by including weak

interactions in the nuclear reaction network calculations.
Our results for a model with initial poloidal B-field of

1012 G show that the nucleosynthetic signatures of jet-driven
core-collapse supernovae are fundamentally different when
simulated in 2D versus 3D. In 2D, robust second and third
peak r-process material is synthesized in the explosion even
for moderate neutrino luminosities while in full 3D nuclei be-
yond the second peak are significantly less abundant. Only
in a simulation starting from a 1013 G poloidal magnetic field
and that is similar to the simulation by (Winteler et al. 2012),
do we find a robust r-process pattern that is consistent with a
solar abundance pattern. We find that the reduction of nuclei
beyond the second r-process peak in the 3D simulation with
an initial field of 1012 G is due to a prolonged dwell time of
ejected material in the vicinity of the protoneutron star, which
leads to more neutrino interactions that in turn increase the
electron fraction. Based on this finding, we conclude that only
jet-driven CCSN from already strongly magnetized progeni-

	Moesta,	LR,	et	al.	(2018)see Winteler et al. 2012, Nishimura et al. 2015, Moesta et al. 2018
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Figure 9. Fractional abundance pattern as a function of mass number A for
models B13, B12-sym and B12. Blue, light blue, and light green show mod-
els B13, B12-sym, and B12, respectively, for a constant neutrino luminosity
of L⌫e = L⌫̄e = 1052ergs-1 for both electron and electron antineutrinos in the
nuclear reaction network calculation. Black markers indicate the solar abun-
dance pattern scaled to match the second r-process peak (A = 135) for simula-
tion B13. Model B13 reproduces the solar abundance pattern reasonably well,
while model B12-sym underproduces third r-process peak (A = 195) material
by more than an order of magnitude. In model B12, all nuclei beyond the
second r-process peak are reduced in abundance by a factor of ⇠ 100.

luminosity, the r-process ejecta mass in model B13 is compa-
rable to that found in Winteler et al. (2012) and Nishimura
et al. (2015) found. For neutrino luminosities taken from
the tracer particles and for constant neutrino luminosities of
1053 ergs-1, the r-process ejecta mass is reduced by an order
of magnitude. In simulations B12-sym and B12, the r-process
ejecta mass for our most optimistic scenario is already an or-
der of magnitude smaller than for the same neutrino luminos-
ity in simulation B13. For neutrino luminosities taken from
the tracer particles and for constant neutrino luminosities of
1053 ergs-1, the r-process ejecta mass is effectively zero.

4. DISCUSSION

We have studied r-process nucleosynthesis from a set of 3D
CCSNe simulations. Our models include a full 3D simulation
with a precollapse magnetic field of 1013 G (B13) that is sim-
ilar in dynamics to the simulation presented in Winteler et al.
(2012), a 3D simulation set up to be identical in dynamics to
an axisymmetric simulation with a precollapse magnetic field
of 1012 G (B12-sym) that is similar to the prompt axisymmet-
ric jet explosions in Nishimura et al. (2015), and a full 3D
simulation with a precollapse magnetic field of 1012 G (B12)
as in Mösta et al. (2014b). In our nuclear reaction network
calculations we have included weak interactions to account
for interaction of material with neutrinos emitted from the
PNS. We have specifically used both parameterized constant
neutrino luminosities and the recorded neutrino luminosities
from the tracer particles in the simulations.

Our results show that the nucleosynthetic signature of 3D
magnetorotational CCSNe depends on the detailed dynam-
ics of the jet and the neutrino emission from the PNS. Our
3D simulations that include a factor 10 lower initial magnetic
field differ fundamentally from what was anticipated based
on either axisymmetric simulations (Nishimura et al. 2015) or
3D simulations of very highly (B � 5 ⇥ 1012 G) magnetized
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Figure 10. Elemental abundances as a function of nuclear charge Z for mod-
els B13, B12-sym and B12. Blue, light blue, and light green show mod-
els B13, B12-sym, and B12, respectively, for a constant neutrino luminos-
ity of L⌫e = L⌫̄e = 1052ergs-1 for both electron and electron antineutrinos
in the nuclear reaction network calculation. The black stars represent the
observed elemental abundances of the low-metallicity halo star HD122563,
while the downward triangles represent observational upper limits (Honda
et al. 2006). The open circles represent the scaled elemental abundances of
the low-metallicity halo star CS22892-052 (Sneden et al. 2000). The over-
all normalization of the abundances patterns of HD122563 and CS22892-052
are scaled to minimize the logarithmic residuals with the abundances of B12
and B13, respectively, for elements with charge number greater than 49.

progenitor cores (Winteler et al. 2012).
We find that weak interactions in the nuclear reaction net-

work calculations change the nucleosynthetic signatures of
all simulations. Including no neutrino luminosities in the
network calculation based on simulation B13 produces a ro-
bust r-process abundances consistent with the observed so-
lar abundance pattern and with what Winteler et al. (2012)
found. Starting with neutrino luminosities of 5 ⇥ 1052 ergs-1,
r-process material beyond the second peak is reduced in abun-
dance by a factor of a few, and by an order of magnitude for
larger neutrino luminosities. For simulation B12-sym, the re-
duction in synthesized nuclei beyond the second r-process
peak starts at neutrino luminosities of 1052 ergs-1 but mat-
ters mostly for third peak r-process nuclei. For simulation
B12, the reduction in abundance of nuclei beyond the sec-
ond peak is consistently at least a factor ten compared to the
lower neutrino luminosity calculations. The neutrino lumi-
nosities recorded by the tracer particles typically are a few
1052 ergs-1 after the initial neutronization burst has subsided
after ⇠ 20ms, and hence fall in between the constant lumi-
nosity cases of 1052 ergs-1 and 1053 ergs-1. Acknowledging a
factor of ⇠ 2 uncertainty in the neutrino luminosities in our
simulations, we compare a neutrino luminosity of constant
1052 ergs-1 between the three simulations B13, B12-sym, and
B12 and the solar abundance pattern as our most optimistic
neutrino luminosity scenario. We find a robust second and
third peak abundance pattern only for simulation B13. Sim-
ulation B12-sym shows an underproduction of nuclei beyond
A = 170 by a factor of a few. For the full 3D simulation B12,
we find that nuclei beyond the second r-process peak are un-
derproduced by a factor of 100 compared to solar abundances.

Our results show that the realistic 3D dynamics of
magnetorotationally-driven CCSNe change their r-process



Summary	and	Outlook

• Ye	distribution	of	the	ejecta	determining	factor	in	the	final	composition	
and	properties	of	the	transient	

•Weak	interactions	play	a	substantial	role	in	setting	the	initial	conditions	
for	nucleosynthesis	

•Going	forward	need	better	treatment	of	neutrinos	during	the	dynamical	
phase	->	important	to	setting	the	electron	fraction	distribution	via	weak	
interactions	

• Sensitivity	of	r-process	nucleosynthesis	to	input	nuclear	data	of	nuclear	
reaction	network	calculations.	How	well	is	the	lanthanide	cutoff	Ye	
known?	

• Still	some	possible	SN	sites	of	the	r-process		

•Hopefully	observe	a	BHNS	merger


