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ABSTRACT

We derive constraints on the time-averaged event rate of neutron star-black hole (NS-BH) mergers
by using estimates of the population-integrated production of heavy rapid neutron-capture (r-process)
elements with nuclear mass numbers A > 140 by such events in comparison to the Galactic repos-
itory of these chemical species. Our estimates are based on relativistic hydrodynamical simulations
convolved with theoretical predictions of the binary population. This allows us to determine a strict
upper limit of the average NS-BH merger rate of ∼6×10−5 per year. We quantify the uncertainties
of this estimate to be within factors of a few mostly because of the unknown BH spin distribution
of such systems, the uncertain equation of state of NS matter, and possible errors in the Galactic
content of r-process material. Our approach implies a correlation between the merger rates of NS-BH
binaries and of double NS systems. Predictions of the detection rate of gravitational-wave signals
from such compact-object binaries by Advanced LIGO and Advanced Virgo on the optimistic side are
incompatible with the constraints set by our analysis.
Subject headings: gravitational waves — hydrodynamics — nuclear reactions, nucleosynthesis, abun-

dances — black hole physics — stars: neutron — binaries: close

1. INTRODUCTION

To date no neutron star-black hole (NS-BH) bina-
ries are known. Such compact object binaries, how-
ever, emit gravitational-waves (GWs), which for some
systems leads to the merging of the binary compo-
nents within the Hubble time. The inspiral and co-
alescence of NS-BH and NS-NS binaries are among
the primary targets for the upcoming Advanced LIGO
and Advanced Virgo GW detectors (Abadie et al. 2010).
Compact object mergers (COMs) that lead to a post-
merging accretion torus around the relic BH are also
promising progenitor candidates of short-hard gamma-
ray bursts (GRBs) (Paczynski 1986; Eichler et al. 1989;
Berger 2014). Some fraction of the stellar matter
is expected to become gravitationally unbound dur-
ing and after the binary collision and is likely to
undergo the rapid neutron-capture process (r-process)
(Lattimer & Schramm 1974; Lattimer et al. 1977), cre-
ating neutron-rich elements whose astrophysical produc-
tion site has not been unambiguously identified yet. Ev-
idence from chemogalactic evolution studies grows that
COMs could be the dominant sources of the Galac-
tic heavy r-process nuclei (traced by the enrichment
history of europium; Mennekens & Vanbeveren 2014;
Shen et al. 2014; van de Voort et al. 2014, and references
therein). The radioactive decays of r-process material
may power the thermal emission of a detectable elec-
tromagnetic counterpart of the merger (Li & Paczyński
1998; Metzger et al. 2010). Tentative evidence for such
an event has been reported by Berger et al. (2013);
Tanvir et al. (2013).
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Because of the lack of observational data, predictions
of the frequency of NS-BH mergers rely on theoretical
studies (e.g. Tutukov & Yungelson 1993; Voss & Tauris
2003; O’Shaughnessy et al. 2008; Dominik et al. 2012;
Mennekens & Vanbeveren 2014; Dominik et al. 2013;
Postnov & Yungelson 2014). These population synthesis
models estimate Galactic merger rates between 2× 10−9

and 10−5 per year (Postnov & Yungelson 2014). The
range reflects the challenge in comprehensively modelling
the formation and evolution of stellar binaries and their
remnants.
In this work we determine an independent upper

limit on the merger rate of NS-BH binaries by com-
paring the predicted r-process nucleosynthesis yields
of such systems with the observed Galactic amount
of r-process material. Similar arguments were used,
e.g., in Lattimer & Schramm (1974); Freiburghaus et al.
(1999); Qian (2000); Metzger et al. (2010); Goriely et al.
(2011); Korobkin et al. (2012); Rosswog et al. (2013);
Bauswein et al. (2013); Piran et al. (2014) mostly in the
context of NS-NS mergers or COMs in general. Here we
elaborate on these estimates by employing population in-
tegrated yields, which is crucial for NS-BH systems be-
cause of the strong dependence on binary parameters.
We use ejecta masses determined by relativistic simu-
lations of relevant NS-BH systems and, in particular,
quantify the uncertainties of our estimates. Information
on the hydrodynamical and nucleosynthesis calculations
of NS-BH systems is provided in Sect. 2. Our rate esti-
mates are discussed in Sect. 3 and combined with NS-NS
mergers in Sect. 4. We finish with conclusions in Sect. 5.

2. NUMERICAL MODELING

We simulate NS-BH mergers with a relativistic smooth
particle hydrodynamics (SPH) code, which evolves the
hydrodynamical quantities comoving with the fluid
(Oechslin et al. 2002; Bauswein 2010; Just et al. 2014).
The Einstein equations are solved by imposing the con-
formal flatness condition (CFC) on the spatial metric as
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Fig. 1.— Abundance distribution vs. atomic mass for merger
ejecta of a 1.35M⊙ NS and a 7M⊙ BH with aBH = 0.5 (red
symbols) normalised to the solar distribution (black symbols; nor-
malized to unity) in the A = 165 rare-earth region.

formulated in Cordero-Carrión et al. (2009). This allows
us to model the spinning and moving BH by the “static
puncture” approach (Brandt & Brügmann 1997), which
is commonly used to construct initial data for fully rel-
ativistic calculations (Shibata & Taniguchi 2011). (De-
spite the term “static puncture” the BH carries linear
and angular momentum and moves during the simula-
tions (Bauswein 2010; Shibata & Taniguchi 2011).) To
this end we replace the metric equations in our hydrody-
namics solver of Oechslin et al. (2002) by Eqs. (59)–(62)
of Shibata & Taniguchi (2011), using their definitions of
Eqs. (56)–(58) for treating BH spin and momentum. Our
existing multigrid solver then yields the metric for NS-
BH systems within the CFC approximation.
The simulations start from circular quasi-equilibrium

orbits a few revolutions before merging. The NSs are
initially nonrotating, while we investigate different ini-
tial BH spins perpendicular to the orbital plane. The NS
matter is initially at zero temperature and in neutrino-
less beta-equilibrium. We employ the microphysical DD2
equation of state (EoS) (Hempel & Schaffner-Bielich
2010), which is a moderately stiff EoS and yields a NS
radius of 13.21 km for a 1.35M⊙ NS. The fluid is mod-
elled with a resolution of ∼170,000 SPH particles. We
test different resolutions to confirm that our results are
converged, in particular the ejecta mass is determined
with an accuracy of ∼30%.
Throughout this paper we quantify the (initial) BH

spin by the dimensionless spin parameter aBH =
JBH/M

2
BH with the BH angular momentum JBH and

gravitational mass MBH. Masses refer to the gravita-
tional mass of the object (for binaries at infinite separa-
tion).
For fixed NS mass of MNS = 1.35 M⊙ we compute

the ejecta masses for systems with initial BH masses of
5, 7, and 10M⊙ and initial BH spins varied between
0.0 and 0.9 (see Table 1). The initial spin aBH has the
strongest impact on the ejecta mass. For MBH = 5M⊙

Mej grows by a factor of ∼200 when aBH is increased
from zero to 0.9. For systems with the same aBH, the
ejecta mass shows only a moderate variation with in-
creasing MBH until Mej starts to plummet at higher
BH masses. This behavior is understandable because

TABLE 1
Ejecta masses

aBH \MBH 5 M⊙ 7 M⊙ 10 M⊙

0 0.0004 M⊙ . 2× 10−6 M⊙ . 2× 10−6 M⊙

0.5 0.042 M⊙ 0.0090 M⊙ 0.0018 M⊙

0.7 0.067 M⊙ 0.070 M⊙ 0.073 M⊙

0.9 0.096 M⊙ 0.087 M⊙ 0.086 M⊙

Note. — NS-BH mergers with initial BH mass MBH, initial BH
spin aBH, NS mass 1.35 M⊙, and DD2 EoS.

with increasing MBH the radius of the innermost stable
orbit grows faster than the tidal disruption radius un-
til the tidal disruption of the NS changes to a plunge
at higher MBH. The steep reduction of Mej occurs at
higher BH mass for higher initial spin. Our results are
qualitatively and quantitatively consistent with the find-
ings of Hotokezaka et al. (2013); Foucart et al. (2013);
Kyutoku et al. (2013); Foucart et al. (2014). For in-
stance in Kyutoku et al. (2013), a sequence with fixed
aBH of 0.75 yields ejecta masses of 0.04–0.05M⊙ for BH
masses between 4.05 and 9.45M⊙ with the H4 EoS. The
ejecta masses agree very well with our results for the DD2
EoS, which yields NS radii comparable to those of the
H4 EoS. The simulations of Foucart et al. (2014) with a
somewhat softer EoS (LS220) find ejecta masses between
∼0.04M⊙ and ∼0.15M⊙ for systems involving BHs with
spins aBH = 0.7–0.9 and NSs with MNS = 1.2–1.4 M⊙,
again in very good agreement with our computations.
Following Goriely et al. (2011) we perform nucleosyn-

thesis calculations for a selected subset of models (de-
tailed paper in preparation). About 75% of the ejecta
produce heavy r-process elements with mass numbers
A & 140 in close similarity to the solar r-process abun-
dance distribution (Fig. 1).

3. RATE ESTIMATES

The Galactic r-process material is estimated from
the total Galactic baryon mass, MGal ≃ 6 ×

1010 M⊙ (McMillan 2011), and the solar system r-process
mass fraction, assuming the latter is representative for
the whole Galaxy (as suggested by the small scatter of
the europium abundance in the present-day Milky Way).
Here, we only consider r-process elements with A > 140,
which can be produced significantly by NS-BH merg-
ers and in proportions close to the solar abundances (cf.
Fig. 1). Including elements with A < 140 would require
to add the contribution from the NS-BH merger rem-
nants and would increase the uncertainties in the total
ejecta mass (see Just et al. 2014).
Decomposing the solar-system abundances of elements

heavier than iron into their s- and r-process components
(Goriely 1999), the total mass fraction of r-process ele-
ments with A > 140 in the solar system is estimated as
X⊙

r,A>140 = 3.1 × 10−8. This implies a Galactic content

of such material of ∼Mr,A>140 = MGal × X⊙

r,A>140 =
1860 M⊙.
The r-process inventory of Mr,A>140 has to be com-

pared with the yield of A > 140 material (75% of the
total ejecta) from the NS-BH population over the Galac-
tic history of TGal = 1010 yrs. We estimate the produc-
tion by NS-BH mergers by convolving the ejecta mass
in dependence on the binary parameters with the binary
distribution provided by population synthesis or deduced
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from observations.
Depending on the metallicity and other model assump-

tions, population synthesis studies by Dominik et al.
(2012)5 predict average BH masses of 8–10M⊙, roughly
consistent with observations (McClintock et al. 2013).
For simplicity and independence of additional modeling
assumptions (like delay-time distribution and metallicity
evolution), we consider only the time-averaged merger
rate over the Galactic history. We exclude binaries with
lifetimes exceeding the age of the Galaxy and checked
that our estimates do not depend significantly on the
lifetimes of the merging systems. Our constraints yield
firm upper limits of the present-day NS-BH merger rate.
The merging binaries contain NSs with an average

mass of about 1.5M⊙, while for computational reasons
and for a better comparison with the literature we em-
ploy a NS mass of 1.35M⊙ compatible with earlier pop-
ulation synthesis models (Belczynski et al. 2008) and NS

masses observed in double NS binaries (Özel et al. 2012).
This assumption may introduce an uncertainty of a fac-
tor of two (Foucart et al. 2014). The distribution of BH
spins is not available from the adopted population syn-
thesis models. Hence, we treat the average BH spin
as a free parameter. The BH spin may be misaligned
with the rotation axis of the binary. About 30–80% of
the binaries might have misalignments >30◦ (Kalogera
2000). Rantsiou et al. (2008) showed that for tilts below
30◦ the ejecta mass is practically identical to the aligned
case, whereas the ejecta vanish for tilt angles exceeding
45◦. Here we adopt a fraction ftilt = 0.5 of binaries with
tilts sufficiently small to eject matter as the aligned case.
The remaining fraction of systems is assumed to yield no
ejecta. Our value of ftilt is compatible with findings of
Belczynski et al. (2008), and ftilt is expected to vary at
most between 0.2 and 0.8.
Using these assumptions the upper limit on the NS-BH

merger rate is estimated by

RNSBH =
Mr,A>140

0.75M̃ej(aBH)TGalftilt
. (1)

M̃ej denotes the population averaged ejecta mass per
merger event multiplied by 0.75 to consider only ejecta
with A > 140. Figure 2 shows the rate as function of
aBH (solid line) for the standard model of Dominik et al.
(2012) (their “submodel” A) at 1/10 solar metallicity,
where most of the mergers are expected to take place
(Dominik et al. 2013). We find a strong BH spin de-
pendence. For slowly spinning BHs with aBH = 0.1 the
merger rate can be as high as 2.7 × 10−4 yr−1, whereas
rapid rotation with aBH = 0.9 results in a much lower
rate of 3.6× 10−6 yr−1.
The BH spin is likely to be considerably higher than

0.1 because it is determined by the initial spin after the
supernova and the subsequent accretion in the binary
system. In O’Shaughnessy et al. (2005) mass transfer in
binaries was found to be strong and thus to lead to gener-
ally high spins between 0.4 and 0.9 and spin-orbit align-
ment. In Belczynski et al. (2008) the accretion during
the binary evolution increases the initial BH spin only
moderately implying that the initial spin is the most im-
portant parameter. Observations of X-ray binaries sug-

5 www.syntheticuniverse.org

0.2 0.3 0.4 0.5 0.6 0.7 0.8

10
−5

10
−4

10
−3

allowed

excluded

R
N

S
B

H
 [1

/y
r]

a
BH

Fig. 2.— Upper limit on the Galactic NS-BH merger rate as
function of BH spin for different population synthesis models of
Dominik et al. (2012). The solid line corresponds to their standard
model (“submodel A” at 1/10 solar metallicity). Dashed lines show
variations to the standard model. The shaded region indicates
uncertainties because of the unknown NS EoS. A rate estimate
entirely based on the observed BH mass distribution is given by
the dash-dotted line.

gest that most BHs have spin parameters exceeding 0.5
with an average aBH of ∼0.6 (McClintock et al. 2013).
These spins correspond to upper limits of the NS-BH
merger rate of ∼6 × 10−5 yr−1 and 8 × 10−6 yr−1, re-
spectively. The latter value is roughly compatible with
the rate of of 3.4× 10−6 yr−1 predicted by the standard
model of Dominik et al. (2012).
For MBH/MNS = 3 Kyutoku et al. (2013) and

Hotokezaka et al. (2013) showed that for soft (stiff) EoSs
the ejecta masses can be a factor 5 lower (1.5 higher)
compared to those for the H4 EoS, which is similar to our
DD2 EoS. The corresponding range of uncertainty is indi-
cated by grey shading in Fig. 2. This variation is consis-
tent with the EoS effects quantified for ideal fluid EoSs by
Foucart et al. (2013) for another binary setup. The rela-
tively high ejecta masses found by Foucart et al. (2014)
for the soft LS220 EoS suggest that a factor of 5 might
overestimate changes associated with very soft EoSs.
Moreover, theoretical arguments favor a nuclear EoS
comparable to or slightly softer than DD2 (Hebeler et al.
2013).
Variants of the standard model of Dominik et al.

(2012) for different metallicities (e.g., dashed lines in
Fig. 2 for solar metallicity and/or “submodel” B) yield
NS-BH merger rates between 2.4 × 10−5 yr−1 and 8.7×
10−5 yr−1 for aBH = 0.5. The dash-dotted line in Fig. 2
provides a rate limit independent of population synthe-
sis studies by using the observed BH mass distribution of
Özel et al. (2012) with a median at 7.5M⊙. Because of
the lower mean BH mass, this case yields slightly lower
rates than the population models. Again, for an average
aBH >0.5 this rate limit is roughly compatible with the
merger rate derived from population synthesis at 1/10
solar metallicity (Dominik et al. 2012).

4. CONSTRAINTS FROM NS-NS BINARIES
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Fig. 3.— Average Galactic NS-BH merger rate vs. NS-NS merger
rate for the DD2 EoS (reddish band), a stiff EoS (bluish band),
and a soft EoS (greenish band). The widths of the bands represent
variations with average BH spins between 0.5 and 0.7. Symbols
indicate “optimistic” (triangle), “realistic” (diamond) and “pes-
simistic” (square) merger rates as compiled in Abadie et al. (2010).
Vertical lines mark NS-NS merger rates inferred from binary NS
observations with uncertainty range (Kalogera et al. 2004). The
dashed line approximates a rate estimate derived from observed
GRBs (Berger 2014).

Most population models predict NS-NS merg-
ers to be more frequent than NS-BH colli-
sions (Postnov & Yungelson 2014). The average
ejecta mass of NS-NS mergers depends strongly on the
high-density EoS and is typically smaller than that
of NS-BH mergers. In contrast to NS-BH mergers,
double NS collisions produce more ejecta for soft
EoSs (Bauswein et al. 2013; Hotokezaka et al. 2013).
In this case the population averaged ejecta mass may

be M̃ej,NSNS ≈ 10−2M⊙, whereas stiff EoSs lead to

M̃ej,NSNS ≈ 10−3M⊙; for the DD2 EoS M̃ej,NSNS

amounts to ∼3× 10−3 M⊙ (Bauswein et al. 2013).
Quantifying the contribution from NS-NS mergers by

a time-averaged merger rate RNSNS, the upper limit on
the average Galactic rate for NS-BH mergers reads

RNSBH =
Mr,A>140 − 0.75M̃ej,NSNSTGalRNSNS

0.75M̃ej(aBH)TGalftilt
. (2)

Here we also assume that 75% of the NS-NS merger ejecta
form A > 140 nuclei (but see Wanajo et al. 2014, for pos-
sible corrections). The reddish band in Fig. 3 shows this
relation between the two rates for our standard model
(DD2, ftilt = 0.5) and an average aBH between 0.5 and
0.7. The two merger rates are anti-correlated: higher
contributions from NS-NS mergers reduce the ones from
NS-BH mergers and vice versa. Such an anti-correlation
also holds for different EoSs but with distinct shifts be-
cause of the opposite dependences of M̃ej,NSNS and M̃ej

on the stiffness of the EoS. For very soft EoSs (green-

ish band) M̃ej may be reduced by at most a factor
five relative to the DD2 case, whereas Mej,NSNS should
be ∼10−2M⊙. If NS-BH mergers dominate, their rate
limit is correspondingly higher, while for NS-NS bina-
ries as main source the relatively large ejecta mass per
event leads to tighter rate constraints. The opposite
trends apply for stiff EoSs (bluish band), which yield
stronger limits for RNSBH but allow for more NS-NS co-

alescences. The intermediate (reddish) case implies that
NS-NS mergers as additional r-process source set a strict
upper bound of ∼6 × 10−5 yr−1 for the NS-BH merger
rate. The bluish and greenish bands represent rather
extreme EoS variations.
The symbols in Fig. 3 display “pessimistic” (square),

“realistic” (diamond) and “optimistic” (triangle) merger
rates of both event types as compiled in Abadie et al.
(2010) to estimate the GW detection probability by Ad-
vanced LIGO and Advanced Virgo. The “optimistic”
case is practically ruled out by our estimates because al-
ready NS-BH or NS-NS mergers alone would overproduce
r-process nuclei. The “realistic” expectations for NS-
NS and NS-BH detection rates (diamond) are marginally
consistent with our constraints.
The vertical solid line in Fig. 3 marks RNSBH derived

from the observed binary NS population (Kalogera et al.
2004) with thin vertical lines indicating the correspond-
ing uncertainties. Only very stiff EoSs allow for a
substantial NS-BH merger rate that is clearly com-
patible with the observed double-NS population. The
thick dashed line shows the sum RNSBH + RNSNS =
10−4 yr−1, which roughly corresponds to a volumetric
rate of 103 Gpc−3yr−1 derived from the observed short-
GRB rate and inferred jet opening angles (Berger 2014).
Here we use a crude conversion from the volumetric rate
to a Galactic merger rate (Abadie et al. 2010) and as-
sume that every NS-BH and NS-NS merger produces a
beamed GRB. Giving up the latter assumption would
result in a higher rate, i.e., a curve shifted to the upper
right. Given the involved uncertainties the rate inferred
from GRBs is roughly compatible with our estimates,
which might be a hint that the far majority of COMs
result in GRBs unless another, r-process inactive source
contributes to making short GRBs.
Any rate estimates, e.g. by population synthesis mod-

els, should be checked for consistency with the corre-
lation given by Eq. (2). For instance, considering the r-
process yields of NS-NS mergers, the NS-BH merger rates
of Dominik et al. (2012) are roughly compatible with
our constraint. We emphasize that our time-averaged
rates are upper limits of the current merger rate (e.g.,
Dominik et al. 2013; Mennekens & Vanbeveren 2014;
Shen et al. 2014). Our rate constraints would even be-
come more stringent if NS-NS and NS-BH mergers were
not the only sources of A > 140 r-process elements
(for suggestions, see, e.g., Arnould et al. 2007). While
eccentric COMs with their higher ejecta masses (e.g.
Rosswog et al. 2013) might occur with significant fre-
quencies in dense stellar systems (Lee et al. 2010), ad-
ditional ejecta from massive NSs and BH-torus sys-
tems as remnants of COMs (e.g. Fernández & Metzger
2013; Metzger & Fernández 2014; Perego et al. 2014;
Just et al. 2014) are expected to contribute to the pro-
duction of A > 140 r-nuclei only on a lower level
(Just et al. 2014). Conversely, our bounds would be
somewhat higher if COMs were less efficient in enriching
the Galactic gas with r-elements, which might be sug-
gested by the fact that 50% of the short GRBs exhibit
projected offsets of >1.5 times the half-light radii of their
host galaxies (Berger 2014).

5. SUMMARY AND OUTLOOK
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We quantified an independent upper limit on the NS-
BH merger rate, which, however, depends on the un-
certain average BH spin. Adopting a moderately big
spin parameter of &0.5, the average merger rate should
be .6 × 10−5 yr−1 with an uncertainty factor of a
few. We point out that the NS-BH merger rate is
correlated with the NS-NS coalescence rate, and pop-
ulation synthesis models should be checked for consis-
tency with our combined constraint. The GW detection
rates classified as “optimistic” (“realistic”) for Advanced
LIGO and Virgo (Abadie et al. 2010) are incompatible
(marginally consistent) with our estimates considering
that we deduced time-averaged rates, which are prob-
ably higher than the current rate relevant for GW de-
tections (Dominik et al. 2013; Mennekens & Vanbeveren
2014); but see Voss & Tauris (2003) for opposite trends.
Our rate limits are also roughly consistent with the possi-
bility that NS-NS and NS-BH mergers are the dominant
sources of short GRBs.
For improving our estimates, relativistic NS-BH

merger simulations are needed for larger sets of high-
density EoSs, different NS masses and BH spin orienta-
tions. Instead of time-averaged rate constraints a time-
dependent analysis is desirable, accounting for the Galac-
tic metallicity evolution and a consistent treatment of
the metallicity dependence of NS-NS and NS-BH popula-
tions. More observational data on BH spins and a better
understanding of natal BH spins and the spin evolution
would reduce uncertainties considerably.

We thank T. Tauris for discussions, M. Hempel for
EoS tables, and M. Dominik and C. Belczynski for pop-
ulation synthesis data and advice. A.B. is Marie Curie
Intra-European Fellow within the 7th European Com-
munity Framework Programme (IEF 331873). S.G is
F.R.S.-FNRS Research Associate. This work was sup-
ported by DFG through grants SFB/TR7 and EXC-153.
Computing resources were provided by RZG and LRZ
Garching.
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