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Compact object mergers have long been speculated to be a possible site of r-process nucleosyn-
thesis. While most attention has been focused on the cold decompression of neutron star matter
ejected from the merger, other sites within the merger likely contribute to its nucleosynthetic
output. Here we consider hot outflows from the accretion disk that forms around the black hole
following a black hole - neutron star merger. We begin with the results of a three-dimensional
numerical merger model and carefully calculate the neutrino and antineutrino fluxes emitted from
the accretion disk. We find that neutrino interactions on free nucleons in the outflowing material
result in neutron excesses such that at least a weak r-process is produced and in some cases a
main r-process as well. Additionally, we find that the weak r-process pattern calculated for cer-
tain trajectories compares favorably to the pattern observed in a weak r-process-enhanced halo
star.
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1. Introduction

About half of the heavy elements in the solar system are known to have been produced via
rapid neutron capture in the r-process of nucleosythesis [1, 2], though where in the galaxy the r-
process occurs is still not resolved. Many possibilities have been suggested, including, for example,
core collapse supernova, e.g. [3, 4, 5, 6], neutron star mergers, e.g. [7, 8], gamma ray bursts, e.g.
[9], and shocked surface layers of O-Ne-Mg cores, e.g. [10, 11], but a conclusive determination of
the site has yet to be agreed upon.

Here we consider a potential astrophysical site within a black hole - neutron star (BH-NS)
merger. Most calculations of 7-process nucleosynthesis from compact object mergers have focused
on the cold [8, 12] or mildly heated [7] neutron-rich material originating from the tidal tails that
form during the merger. We focus here on a distinctly different site— that of the hot outflows from
the accretion disk produced by the BH-NS merger [13]. The merger accretion disk is expected to
be hot, dense, and a copious emitter of neutrinos. Any outflowing material from such a disk will
be exposed to this neutrino flux. Here we examine the possibility that the neutrino interactions in
this material cause it to become neutron rich and therefore an attractive potential site for r-process
nucleosynthesis.

2. Merger and Outflow Model

We begin with the results of a three-dimensional black hole - neutron star merger model cal-
culated by M. Ruffert and H.-Th. Janka and described in [13]. The model is evolved until the
remains of the neutron star form an accretion disk around the black hole. We then use the temper-
ature, density, and electron fraction of the resulting accretion disk to calculate where neutrinos and
antineutrinos decouple vertically from the disk, as in [14]. We take the emitted neutrino fluxes to
be thermal, with temperatures equal to the local disk temperature at the point of decoupling. The
temperatures of the electron neutrinos (7,) and antineutrinos (75,) are shown in Fig. 1. While the
electron neutrinos are trapped over a larger area of the disk, the antineutrinos decouple from deeper
within the disk and therefore have higher temperatures. The neutrino fluxes at every point above
the disk are then calculated by integrating over the entire disk. Sample neutrino fluxes for a point
above the disk are shown in Fig. 2. The net antineutrino flux at this point is both larger and hotter
than the neutrino flux.

We follow the material as it outflows the disk using a parameterized wind model as in [15].
We take the outflow to be adiabatic, with velocity v as a function of radius from the black hole r
to be v (1 — Ro/r)P, where Ry is the initial distance from the black hole, v is the final coasting
speed of 0.1¢, and 3 determines how rapidly the material accelerates, with small values of 3 corre-
sponding to the most rapid acceleration. We vary the starting radius R o of the outflow, the entropy
s/k of the outflow material, and the acceleration parameter 3. We calculate the nucleosynthetic
outcome for each trajectory as in [9]. In addition, since the disk is not symmetric, we average the
nucleosynthesis results from eight equally-spaced azimuthal angles about the disk for each (R o,

s/k, B).
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Figure 1: Plots of the electron neutrino (left panel) and electron antineutrino (right panel) temperature from
the surface of the disk. Only regions where the neutrinos are trapped are shaded. Contours indicate regions,
from lightest to darkest, of temperatures of 1 MeV, 3 MeV, 5 MeV, 7 MeV, 9 MeV, 11 MeV and 13 MeV.
The dark center indicates the inner boundary of the numerical merger model.
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Figure 2: Shows the net electron neutrino (solid line) and electron antineutrino (dashed line) fluxes at a
point 133 km above the plane of the disk and 295 km from the black hole.

3. Results

The left panel of Fig. 3 shows the angle-averaged results from two trajectories representative of
our calculated nucleosynthetic outcomes. In all cases we see the production of neutron-rich nuclei.
The degree to which a successful r-process is obtained is determined by the neutron-to-proton
ratio in the outflow, which is set by weak interactions above the disk. As the material leaves the
disk, electron and positron capture dominate at first, then, as the temperatures of the electrons and
positrons drop below that of the neutrinos, neutrino interactions take over. Since the antineutrinos
are hotter and more numerous than the neutrinos above the disk, as shown in Fig. 2, antineutrino
capture on protons is favored over neutrino capture on neutrons, and the material is driven neutron
rich. The neutron-to-proton ratio therefore depends in part on how many neutrino interactions take
place in the outflow close to the disk. The more slowly accelerating trajectories (S > 0.8) receive
the greatest neutrino fluence, and, as long as the entropy is resonably high (s > 30), a main r-process
results. For lower entropies, nuclei form earlier and an alpha effect, see e.g. [16], impedes the r-
process. These trajectories, along with rapidly accelerating trajectories that are not significantly
neutron rich, produce weak r-process nuclei.

While our results suggest that weak r-process nuclei are likely robustly produced in hot out-
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Figure 3: The left panel shows sample nucleosynthesis results as a function of mass number A for outflow
from the disk, compared to the scaled solar r-process abundances (crosses). The blue line shows a weak -
process from conditions, s/k = 20, 8 = 0.2, angle averaged over the disk, and the green line shows a main r-
process from the conditions, s/k = 40, B = 0.8, again angle averaged around the disk. The right panel shows
a sample weak r-process as a function of atomic number Z. The red line shows the calculated abundances
from the disk outflow with conditions, s/k = 20, 8 = 0.8, plotted with the scaled solar r-process abundances
(solid line) and the r-process abundances from metal-poor halo star HD122563 (purple diamonds).

flows from BH-NS merger accretion disks, it is unclear whether such merger events could be the
sole site of the weak r-process. For example, if BH-NS mergers occur at a rate similar to that
estimated for NS-NS mergers, 10™% to 107> per year in the Galaxy [17], then 10~! Mg, to 1 Mg, of
weak r-process material would need to be ejected per merger. Current estimates of the mass ejected
from merger events tends to be closer to 1072M, [18, 19].

An additional production mechanism for compact binaries has been suggested [20] that results
in the creation of tighter orbits with faster decay timescales. Should this suggestion be confirmed,
BH-NS mergers may contribute to r-process abundances early in galactic history. Furthermore the
abundance signature of an individual merger event could potentially be observed in the r-process
pattern of a metal-poor halo star. As an example, in the right panel of Fig. 3 we plot the results
from one of our trajectories against the r-process abundances in halo star HD122563 [21], which is
known to be enriched in weak r-process material. The main features of this abundance pattern are
well reproduced by the calculation, suggesting a possible BH-NS merger origin for the HD122563
r-process abundances.

4. Conclusion

Compact object mergers have long been thought to present attractive environments for r-
process nucleosynthesis. Here we have examined a site within a black hole - neutron star merger—
the hot outflows from the BH-NS merger accretion disk—and found at least weak r-process nuclei,
and perhaps main r-process nuclei, are likely produced in this site. While the rarity of BH-NS
mergers perhaps precludes these events from being the primary weak r-process site, the nucleosyn-
thetic outcome from compact object mergers should be taken into account in any galactic tally
of r-process abundances, and potentially in the interpretation of r-process abundance data from
individual metal-poor halo stars.
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