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Figure 1: Schematic representation of the evolutionary stages from stellar core collapse through the onset of
the supernova explosion to the neutrino-driven wind during the neutrino-cooling phase of the proto-neutron
star (PNS). The panels display the dynamical conditions in their upper half, with arrows representing velocity
vectors. The nuclear composition as well as the nuclear and weak processes are indicated in the lower half
of each panel. The horizontal axis gives mass information. Mc, means the Chandrasekhar mass and My,
the mass of the subsonically collapsing, homologous inner core. The vertical axis shows corresponding radii,
with Rpe, Rs, Rg, Rns, and R, being the iron core radius, shock radius, gain radius, neutron star radius, and
neutrinosphere, respectively. The PNS has maximum densities p above the saturation density of nuclear matter
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Current supernova models (see, for example, Thomp-
son, Burrows, and Meyer, 2001) give entropies of around
100 when what is needed to make the heaviest r-process
nuclei is 300 to 400. The following possible solutions to
this dilernma have been proposed (Qian and Woosley,
1996):

(a) the neutrino wind does not make all the solar r
process, but only the lighter nuclei;

(b) there are extra energy inputs into the wind, such as
magnetic fields, rotation, and shocks, that have
been ignored and that might increase the entropy
of the wind or decrease its time scale;

(c) the nuclear equation of state is very soft and the
typical neutron star mass involved in making the r

process is very close to the maximum allowed (not
the average neutron star); this raises the gravita-
tional potential, which has the effect of increasing
the speed and entropy of the wind (see also Cardall
and Fuller, 1997; Otsuki et al., 2000);

important multidimensional effects (clumping?) or
general relativistic effects in the neutrino transport
have been left out; or

new particle physics, e.g., flavor mixing, might af-
fect Y, in the wind or its dynamics (Qian et al,
1993; Qian and Fuller, 1995).

In addition to occurring in supernovae, the neutrino
wind model for the » process has other appealing char-
acteristics. Because it is a wind, the total mass ejected -
can be small. About 10" 3M, of r process (A =100) per
supernova would be produced, and this is in good accord
with the demands of galactic chemical evolution
(Mathews and Cowan, 1990). In addition, since the
properties of the wind are determined by the neutron
star and not the presupernova star, the r process might
have very similar properties from event to event for neu-
tron stars of a constant mass. Finally, unless all of the
ejected material eventually falls back onto the neutron
star (Sec. VI.A), the neutrino wind is an event that must
exist in nature. It is doubtful that its nucleosynthetic
contribution is negligible, especially for the lighter
r-process isotopes (e.g., Sr, Y, Zr).
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1 INTRODUCTION

ABSTRACT

We present the first comprehensive study of r-process element nucleosynthesis in the ejecta of
compact binary mergers (CBMs) and their relic black hole (BH)—torus systems. The evolution
of the BH—accretion tori is simulated for seconds with a Newtonian hydrodynamics code in-
cluding viscosity effects, pseudo-Newtonian gravity for rotating BHs, and an energy-dependent
two-moment closure scheme for the transport of electron neutrinos and antineutrinos. The in-
vestigated cases are guided by relativistic double neutron star (NS-NS) and NS-BH merger
models, producing ~3-6 M@ BHs with rotation parameters of Agy ~ 0.8 and tori of 0.03-
0.3 M. Our nucleosynthesis analysis includes the dynamical (prompt) ejecta expelled during
the CBM phase and the neutrino and viscously driven outflows of the relic BH-torus systems.
While typically ~20-25 per cent of the initial accretion-torus mass are lost by viscously driven
outflows, neutrino-powered winds contribute at most another ~1 per cent, but neutrino heating
enhances the viscous ejecta significantly. Since BH—torus ejecta possess a wide distribution
of electron fractions (0.1-0.6) and entropies, they produce heavy elements from A ~ 80 up to
the actinides, with relative contributions of A = 130 nuclei being subdominant and sensitively
dependent on BH and torus masses and the exact treatment of shear viscosity. The combined
ejecta of CBM and BH—torus phases can reproduce the solar abundances amazingly well for
A 2 90. Varying contributions of the torus ejecta might account for observed variations of
lighter elements with 40 < Z < 56 relative to heavier ones, and a considerable reduction of the
prompt ejecta compared to the torus ejecta, e.g. in highly asymmetric NS-BH mergers, might
explain the composition of heavy-element deficient stars.

Key words: accretion, accretion discs—hydrodynamics—neutrinos—nuclear reactions,
nucleosynthesis, abundances — stars: neutron.

et al. 2008) to be of the order of one NS—NS merger in some 10°
years for Milky Way-like galaxies and possibly up to several times

Double neutron star (NS-NS) and neutron star-black hole
(NS-BH) binaries radiate gravitational waves (GWs) and their or-
bits shrink due to the associated angular momentum and energy loss
until, after millions to hundreds of millions of years, a catastrophic
merger event terminates the evolution of these binary systems. The
frequency of such events can be estimated on grounds of the known
double NS systems in the solar neighbourhood (e.g. Kalogera et al.
200+) and theoretical population synthesis studies (e.g. Belczynski

*E-mail: ojust@ mpa-garching. mpg.de

© 2015 The Authors

this rate for NS-BH mergers, but these numbers contain consider-
able uncertainties (Postnov & Yungelson 201).

Compact binary mergers are among the most promising extra-
galactic sources of GWs in the <100 to 21000 Hz range to be
measured by the upcoming advanced interferometer antennas (ad-
vLIGO, advVIRGO, and KAGRA). Strong arguments suggest that
their remnants are good candidates for the still enigmatic central
engines of short gamma-ray bursts (GRBs; see, e.g. Nakar 2007;
Berger 201+ for reviews). The merger rate, reduced by the beaming
factor measuring the probability that the Earth is hit by the colli-
mated, ultrarelativistic GRB beam, can well account for the number
of detected short GRBs.

Published by Oxford University Press on behalf of the Royal Astronomical Society
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Evolution Paths of
NS+NS/BH Mergers

HMNS
different. rot.
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Mass Loss Phases During NS—NS and NS-BH Merging

Merger Phase: Prompt/dynamical ejecta
(due to dynamic binary interaction)

I t
| !

; | . - |

Mm\ NS | NS 4 ¥y, i, NS | BH
<COE <S<Tne
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BH-Torus Phase: Disk ejecta
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Figure 1. Top panel: evolution paths of NS-NS and NS-BH mergers. De-
pending on the binary parameters and the properties of the nuclear EOS,
binary NS mergers can lead to the formation of a stable NS, a transient
HMNS (stabilized by differential rotation) and SMNS (stabilized by rigid
rotation), or a BH plus accretion-torus system. The last scenario is also
the outcome of a NS-BH merger if the BH/NS mass ratio is not too
large. Transitions between the different evolution stages can be accom-
panied by mass-loss. In this work, we focus exclusively on the evolution
tracks and stages highlighted by thick, solid red lines. Bottom panel: mass-
loss phases during the dynamical interaction of NS-NS and NS-BH bi-
naries and the subsequent secular evolution of a relic BH-torus system
(corresponding to the evolution paths indicated by red lines in the upper
panel). The dynamical mass ejection takes place within a few milliseconds
when the two binary components merge with each other. Typical ejecta
masses are around 0.01 M and the average entropies of the ejecta are
low. BH—torus systems eject matter mainly in viscously driven outflows
and to a smaller extent also in neutrino-driven winds. Baryon-poor polar
funnels may provide suitable conditions for neutrino or magnetohydrody-
namically powered, ultrarelativistic, collimated outflows, which are likely to
produce short GRBs. The image is adapted from Ruffert & J anka (1999) and
Janka & Ruffert (2002).



y [km]

y [km]

14
135
Ly

13

125
= 12 &
£ g
> 15 3
a

11

105

10

95

30 60

-90 -60 =30

0
x [km]

Figure 3. Evolution of the rest-mass density in the equatorial plane for two

Nucleosynthesis from compact binary mergers 549

y [km]
plg/em’]

y [km]
plg/cm’]

y [km]
plg/cm’]

-90 —60 -30 0 30 60 90
x [km]

NS-BH merger models. The left-hand panels correspond to model DD2_14529,

which describes the merging of a 1.45M¢) NS and a 29 M) BH with a spin parameter of 0.53 for the DD2 EOS, the right-hand panels display model
TM1_14051, which is the coalescence of a 1.4 M) NS and a 5.1 M, BH with a spin parameter of 0.7 for the TM1 EOS. The time is given in the lower-right
corner and is normalized to the moment when the BH has accreted half of the NS matter. The position of the BH is indicated by a filled black circle, whose
radius in isotropic coordinates is defined by the gravitational mass of an isolated, non-rotating BH. The dots trace SPH particles (projected into the equatorial
plane) which eventually become unbound during the simulations. The white dots denote particles which fulfil the ejecta criterion at the current time, while black
dots indicate particles that will only become unbound later on. For a subset of SPH particles the arrows visualize the coordinate velocities of the corresponding
fluid elements with the length of the arrows being proportional to the velocity. An arrow length of 10km corresponds to 0.2 times the speed of light. The
visualization tool SPLASH was used to convert SPH data to grid data (Price 2007).

we show in Fig. 4 the properties of the dynamical ejecta in terms of
mass-distribution histograms for the electron fraction, entropy per
baryon, expansion time-scale and outflow velocity. During the late
inspiral phase the NS is tidally deformed and develops a cusp point-
ing towards the BH. As the star approaches the BH, mass transfer

sets in from this cusp and the NS is stretched into an extended,
spiral-arm-like tidal tail. While mass is shed off the far end of the
tidal arm to expand outwards, the matter at the near end wraps the
BH and, if it has sufficiently high angular momentum, performs a
full orbit around the BH to collide with the spiral arm. Finally, the

MNRAS 448, 541-567 (2015)
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Figure 17. Time evolution of the average radioactive heating rate per unit
mass, (Q), for two BH-torus systems with Mgy = 3M¢), Apn = 0.8,
Miors = 0.1 M@ (top) and Mpy = 4M®, Agu = 0.8, Miorns = 0.3 M@
(bottom), when the heating feedback due to the r-process f-decays and
fission is included or not. Calculations correspond to models M3A8mla2,
M3A8mla2-rh, MAA8m3a5 and M4A8m3a5-rh.

dynamically (both components being composed of about 80—
98 percent of r-process material). For the three cases shown in
Fig. 19, this ratio amounts to 1.4, 5.3 and 1.7 for the 0.03, 0.1 and
0.3 My torus models, respectively. For this reason, when normaliz-
ing to the A = 196 abundance, the lighter elements, and in particular
the A =~ 130 peak, are found to typically vary within a factor of 3.

Note that it is well known that calculations of the r-process
abundances are still affected by large nuclear physics uncertain-
ties (Arnould, Goriely & Takahashi 2007). Such uncertainties have
been extensively studied in the past, but each site provides its spe-
cific conditions and behaves in its own special manner so that an
assessment of the sensitivity to theoretical nuclear physics input
requires careful and dedicated exploration. While we already partly
investigated the sensitivity of the nucleosynthesis in the dynamical
ejecta to masses, B-decay rates, and fission probabilities (Goriely
et al. 2013), we defer such a sensitivity analysis for the composition
of the disc ejecta to a future study.

4 COMPARISON WITH OBSERVATIONS

The striking similarity between the solar distribution of r-element
abundances in the 56 < Z < 76 range and the corresponding abun-
dance pattern observed in ultrametal-poor stars like CS 22892—052

MNRAS 448, 541-567 (2015)
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Figure 18. Abundance distributions as functions of the atomic mass for two
BH-torus systems with Mgy = 3 M@, Agu = 0.8, Miprys = 0.1 M@ (top)
and Mgy =4 Mg, Apy = 0.8, Miorus = 0.3 My (bottom), when the heating
feedback due to the r-process B-decays and fission are included or not. All
distributions are normalized to the same solar A = 130 abundance. Calcu-
lations correspond to models M3A8m1a2, M3A8mla2-rh, M4A8m3a5 and
M4A8m3a5-rh. The dotted circles show the solar r-abundance distribution
(Goriely 1999).
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Figure 19. Abundance distributions as functions of the atomic mass for
three combined systems (merger model plus remnant model) correspond-
ing to models with torus masses Miors = 0.03, 0.1 and 0.3 Mg. All dis-
tributions are normalized to the same solar A = 196 abundance. Calcu-
lations correspond to the model combinations TMA_1616-M3A8m03a5,
SFHO_13518-M3A8mla5 and DD2_14529-M4A8m3a5. The dotted cir-
cles show the solar r-abundance distribution (Goriely 1999).
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Figure 20. Comparison between the elemental abundances of
(CS22892-052 (in the usual logarithmic scale relative to hydrogen,
loge = logio(Na/Nu) + 12 for element A and number density Na) and
those obtained for the three combined systems corresponding to remnants
with 0.03, 0.1 and 0.3 M, tori as shown in Fig. 19. All distributions are nor-
malized to the observed Eu abundance. Calculations correspond to the model
combinations TMA_1616-M3A8m03a5, SFHO_13518-M3A8mla5 and
DD2_14529-M4A8m3a5.

(Sneden et al. 2003, 2009; Sneden, Cowan & Gallino 2008) led to
the conclusion that any astrophysical event producing r-elements
gives rise to a Solar system r-abundance distribution, at least for el-
ements above Ba. In such r-process-enriched low-metallicity stars,
some variation of about 0.5 dex, however, is found for the elements
lighter than Ba. The amazingly robust r-process for elements above
Ba could point to the possible creation of these elements by fis-
sion recycling in dynamical NS-NS or NS-BH merger ejecta, as
already argued in previous studies (e.g. Goriely et al. 2011b). As
seen in Fig. 19, variations of the abundances of the lighter elements
with 40 < Z < 56 relative to those of the heavier elements by
factors of a few could be accounted for when the contributions of
the disc ejecta in dependence on different torus masses are con-
sidered. Fig. 20 shows that the elemental distribution observed in
the ultrametal-poor star CS22892—052 (Sneden et al. 2003) can be
fairly well reproduced by the nucleosynthesis from the combined
dynamical and disc ejecta. Discrepancies are found around the Os
elements due to the shift of the third r-process peak (see Fig. 19),
the exact position of which is affected by nuclear uncertainties.

Recent observations also indicate that star to star variations in
the r-process content of metal-poor globular clusters may be a com-
mon, although not ubiquitous, phenomenon (Roederer et al. 2010;
Roederer 2011). Stars such as HD 88609 or HD 122563 have been
found to be significantly deficient in their heavy elements (Honda
et al. 2007). CS 22892—052 and HD 122563 are now interpreted as
two extreme cases representative of a continuous range of r-process
nucleosynthesis patterns (Roederer et al. 2010).

In the previous comparison with CS$22892—052, we determined
the combined composition of all ejecta components by weighting
both the dynamical and disc contributions by their respective total
ejected masses. However, it cannot be excluded that the mass of the
dynamical ejecta contributing to the final composition is in fact sig-
nificantly smaller, in particular when considering NS—BH systems.
Two different effects could suppress the dynamical ejecta relative
to the torus ejecta. (1) As discussed in Section 3.2, the dynami-
cal ejecta of NS-BH mergers can be highly asymmetric, because
most of these ejecta may consist of the matter shed off the outer

Nucleosynthesis from compact binary mergers 561
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Figure 21. Comparison between the HD 83609 and HD 122563 elemen-
tal abundances (in log ¢ scale) and those estimated for the combination of
models SFHO_1123 and M3A8m3a2, when the ejected mass of the dynam-
ical component is assumed to be 100 times smaller than the one coming
from the disc component. The calculated distribution is normalized to the
Sr abundance of HD 88609.

tip of the tidally stretched NS at its final approach to the BH. In
contrast, the remnant ejecta are more isotropic. The combination of
both can therefore be strongly direction dependent. For the values
of the asymmetry parameter B,gy given in Table | (cf. Section 3.2),
the mass of the dynamical ejecta could be 20-100 times smaller
than the mass of the disc ejecta outside of the solid angle of the
main dynamical mass stripping. (2) Potentially, NS-BH mergers
might produce little dynamical ejecta material for certain binary
parameters while still forming a torus. This hypothetical possibility
might exist in cases where the NS is nearly completely and im-
mediately accreted by the BH, in which case the tidal sling effect
leading to mass ejection from an extremely stretched NS might be
absent. In such systems, the ejecta would consequently be essen-
tially composed of disc material. If we assume that the contribution
of the dynamical ejecta represents only about 1 per cent of the to-
tal ejected mass, the composition of the ejecta becomes strongly
depleted in heavy r-process material in comparison to the standard
cases shown in Figs 19 and 20. Such specific system conditions
could qualitatively explain the composition of stars like HD 88609
or HD 122563, as shown in Fig. 21. We consider this as an in-
teresting, speculative possibility, but the relative frequency of such
possible events as well as the possible variation of the mix between
the dynamical and disc contributions will need to be assessed in a
more quantitative way in future studies.

5 SUMMARY, DISCUSSION, AND
CONCLUSIONS

We have performed the first comprehensive study of r-process nu-
cleosynthesis in merging NS-NS and NS-BH binaries, also in-
cluding the neutrino and viscously driven outflows from BH-torus
systems as remnants of the compact star mergers. Our focus was on
such relic systems because they are the generic outcome of NS-BH
mergers when the BH/NS mass ratio is not too large, and for NS-NS
mergers in cases where the massive remnant cannot be stabilized by
the NS EOS. We therefore considered binary NSs that either led to
BH formation directly when the two stars plunged into each other,
or produced a remnant that collapsed to a BH within less than about
10 ms for the nuclear EOSs employed in our work.

MNRAS 448, 541-567 (2015)
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Figure 5.74 (a) Solar system r-process
abundances for A > 90, obtained by sub-
tracting the s-process contribution from the
total solar system abundance. The s-process
abundance is calculated by using the classi-
cal s-process model (Arlandini et al., 1999).
The full circles show abundances of r-only
nuclides, defined here as those species for

which the s-process contribution amounts to
< 3%. The influence of the p-process on the
displayed abundances is negligible and has
been disregarded. The error bars are largest
in those regions where the s-process contri-
bution dominates. (b) Elemental solar system
s- and r-process abundances. Data from Bur-
ris et al. (2000).
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Figure 5.75 Basic building blocks of the
r-process path. Part (a) shows an isotopic
chain in (n,y)<(y,n) equilibrium (waiting
point approximation). For reasons of clarity,
it is assumed that most of the abundance
resides in a single isotope (shaded square).
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observed r-process peaks (Képpeler, Beer, & Wisshak 1989) and measured
beta-decay rates (Kratz et al. 1988b). Also shown are the conditions found by
Cameron, Cowan, & Truran (1983b) for which the classical waiting-point
approximation is valid (beyond solid line). The thick arrow illustrates tem-
peratures and densities in an r-process environment before freeze-out at n, =~
102°cm~?and T ~ 10° K.
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FiG. 12—Same as Fig. 4, indicating, however, in detail the parts of the
n,-T, band which are responsible for different mass ranges of the solar r-
process abundance.-A superposition of at least three components is required to
reproduce the A ~ 80 peak and the two mass ranges 90 < 4 <130 and
135 < A < 195. Because nuclei between Bi and the actinides decay via alpha-
decay chains, no clear features emerge for a best fit. The dashed line labeled
actinides only indicates a first guess.
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5.6  Nucleosynthesis Beyond the Iron Peak
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Figure 5.79 Distribution of observed solar  cross sections for neutron capture or pho-

system r-abundances (data points) com- todisintegration. The model prediction is
pared to predictions of the classical r-process obtained from a superposition of three dif-
model (solid line). The solid line is calcu- ferent r-process components. (Frm
lated from Egs. (5.198) and (5.202) and et al. (1993). © IOP Publishing. Reproduced
depends only on neutron separation ener- by permission of IOP Publishing. All rights

gies, p~-decay half-lives, f-delayed neutron  reserved.)
decay probabilities, and so on, but not on

a function of neutron density. This procedure requires only a small number of
fitting parameters and yields a slight improvement in the predicted r-abundances
compared to the results shown in Figure 5.79 (Freiburghaus ez al., 1999). How-
ever, neither method seems to directly reflect the physical properties of a realistic
r-process site.

Figure 5.80 shows some results obtained with the second procedure, that is,
by assuming a continuous superposition of r-process components. Each compo-
nent is characterized by constant values of T, N, and . The component weights
and neutron exposure time scales are given by o(N,) = a;N,* and 7(\,) = a;N5*,
respectively, where the a; are fitting parameters. The temperature remains con-
stant at 7' = 1.35 GK. Since different T-N, conditions correspond to different
r-process paths, the overall distribution of waiting point nuclides (large open or
solid squares) in each isotopic chain is broadened compared to the use of a sin-
gle component. The resulting r-process abundance flow pattern represents more
appropriately a boulevard rather than a narrow path (Kratz, 2006). Nevertheless,
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FiG. 17—Global r-abundance curve obtained from a superposition of
three time-dependent calculations with the best-fit n,-T, values for the 4 ~ 80
‘Wand the 90 < A < 130 and 135 < A < 195 mass ranges. The weight of the
individual components is 10:2.6:1. In the lower part the ratios of calculated
and observed r-abundances are shown. The discussion of the largest deviations
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Figure 1 | Spectra of stars in Reticulum II. a, The spectral region around
the europium absorption line (412.9 nm) for the nine brightest stars in

Reticulum IT, identified by the Dark Energy Survey (DES). Absorption is

clearly present in seven of the nine Ret II spectra (black lines), including
those with modest signal-to-noise ratios. Thin red lines show synthesized
fits to the absorption lines (dashed red lines show upper limits).
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For comparison, dotted green lines show synthesized spectra for each
individual star using typical limits found in other UFDs ([Eu/H] =-2.0).
Also shown is HE1523-0901, one of the most r-process-enhanced halo
stars known'. b, As for a, but showing the region around the barium
absorption line (455.4 nm) (the dotted green line shows [Ba/H] =-4.0).
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