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We study the merger of black hole-neutron star binaries by fully general-relativistic neutrinoradiation-hydrodynamics simulations throughout the coalescence, particularly focusing on the role
of neutrino irradiation in dynamical mass ejection. Neutrino transport is incorporated by an approximate transfer scheme based on the truncated moment formalism. While we fix the mass ratio
of the black hole to the neutron star to be 4 and the dimensionless spin parameter of the black hole
to be 0.75, the equations of state for finite-temperature neutron-star matter are varied. The hot
accretion disk formed after tidal disruption of the neutron star emits a copious amount of neutrinos
with the peak total luminosity ∼ 1–3 × 1053 erg s−1 via thermal pair production and subsequent
electron/positron captures on free nucleons. Nevertheless, the neutrino irradiation does not modify
significantly the electron fraction of the dynamical ejecta from the neutrinoless β-equilibrium value
at zero temperature of initial neutron stars. The mass of the wind component driven by neutrinos from the remnant disk is negligible compared to the very neutron-rich dynamical component,
throughout our simulations performed until a few tens milliseconds after the onset of merger, for the
models considered in this study. These facts suggest that the ejecta from black hole-neutron star
binaries are very neutron rich and are expected to accommodate strong r -process nucleosynthesis,
unless magnetic or viscous processes contribute substantially to the mass ejection from the disk. We
also find that the peak neutrino luminosity does not necessarily increase as the disk mass increases,
because tidal disruption of a compact neutron star can result in a remnant disk with a small mass
but high temperature.
PACS numbers: 04.25.D-, 04.30.-w, 04.40.Dg

I.

INTRODUCTION

Mass ejection from the merger of black hole-neutron
star binaries has been studied vigorously in recent years
[1–14], as well as that from binary-neutron-star mergers [15–21]. Neutron-rich material ejected from black
hole-neutron star binaries can accommodate r -process
nucleosynthesis, which produces about a half of neutronrich nuclei heavier than the iron in the Universe [22].
This nucleosynthesis is important not only for cosmic
chemical evolution but also for electromagnetic transient radiation, which serves as electromagnetic counterparts to gravitational-wave sources [7]. In particular,
the decay of unstable r -process elements heats up the
ejecta, and associated quasithermal radiation, so-called
macronova/kilonova, will be observed in infrared-optical
bands on the time scale of a week [23–27]. While five
gravitational-wave events from binary black holes were
detected successfully [28–32], the nature of many weak
signal candidates including LVT151012 [33] remains elusive. If we could simultaneously detect accompanying
electromagnetic counterparts, gravitational waves from
the merger of black hole-neutron star binaries may be

securely identified as astrophysical.
The mass ejection and electromagnetic counterparts
are also important to reveal the nature of shorthard gamma-ray bursts (see Refs. [34–36] for reviews). A near-infrared transient detected in the afterglow of GRB 130603B is consistent with models of
the macronova/kilonova [37–39], supporting the binarymerger hypothesis of short-hard gamma-ray bursts.
While this transient is detected only in a single epoch,
future detailed observations of the macronovae/kilonovae
will give us valuable information of their progenitors as
well as mass ejection mechanisms, and appropriate interpretation requires firm understanding of the ejecta properties such as the mass and velocity. At the same time,
if the material is ejected along the polar axis of the remnant black hole and surrounding accretion disk, the ejecta
could also affect the propagation of a possible gamma-ray
burst jet via baryon loading and hydrodynamical collimation [40–44]. Thus, the geometry of mass ejection is also
a subject of investigation for accurately understanding
the short-hard gamma-ray burst.
Indeed,
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GW170817/GRB 170817A/AT 2017gfo, was announced
during the review process of this article [45–47]. The
outlook envisioned above is now broadly confirmed
for binary neutron stars except that GRB 170817A is
not likely to be associated with an ultrarelativistic jet
[48, 49]. Still, the mechanism of mass ejection needs
clarification to understand observed electromagnetic
emission. In anticipation of forthcoming detections of
black hole-neutron star binaries, detailed studies of their
mass ejection have also become increasingly important.
General relativity, radiation hydrodynamics, and neutrino transport are all essential to study quantitatively
the mass ejection from compact binary mergers and
subsequent nucleosynthesis. Recent neutrino-radiationhydrodynamics simulations in full general relativity have
shown that the electron fraction Ye of dynamical ejecta
from binary neutron stars can have a broad distribution with Ye ∼ 0.05–0.5 due to the strong shock heating and neutrino irradiation [17, 19, 20, 50]. This should
be contrasted with Newtonian or approximately generalrelativistic simulations, by which the distribution is always predicted to be concentrated in Ye . 0.1, characteristic of neutron stars in neutrinoless β-equilibrium at zero
temperature [51–53]. Broad distribution of Ye is a key to
reproduce the solar pattern of r -process abundances in a
single event [50, 54, 55] and may be advantageous to explain the universality of the abundance pattern observed
in r -process-enhanced metal-poor stars [56, 57]. Furthermore, neutrino irradiation can also trigger neutrinodriven mass ejection, or neutrino-driven wind, in the
postmerger phase [58–61] (see also Refs. [13, 17, 19–
21, 62, 63]). Even if the dynamical ejecta do not have
sufficiently broad distribution of Ye , such disk winds
could play a crucial role in reproducing the solar pattern
[13, 64].
In this paper, we investigate the role of neutrinomatter interaction during the merger process of black
hole-neutron star binaries by numerical-relativity simulations. While fully general-relativistic simulations of
the mass ejection from black hole-neutron star binaries have been extensively performed adopting nucleartheory-based equations of state by various researchers
[7–12, 14], the neutrino transport has been limited to
the cooling [8, 9, 14] except for the study focusing only
on the postmerger evolution [65]. Our simulations incorporate both neutrino cooling and heating in an approximate but self-consistent manner throughout the inspiralmerger-postmerger phases in full general relativity. Various nuclear-theory-based finite-temperature equations of
state are adopted to explore dependence of the merger
outcome on underlying microphysics. In this study, we
focus particularly on the neutrino emission and mass ejection from black hole-neutron star binary mergers.
This paper is organized as follows. Section II describes
our numerical scheme and adopted models. Results of
neutrino-radiation-hydrodynamics simulations are presented in Sec. III, and they are compared with results
of simulations without neutrino absorption in Sec. IV to

TABLE I. Key ingredients of the adopted equations of state.
Mmax is the maximum mass of a spherical neutron star at zero
temperature. M∗,1.35 , R1.35 , C1.35 , and Λ1.35 are the baryon
rest mass M∗ , circumferential radius R, and compactness C ≡
GMNS /(Rc2 ) with MNS being the gravitational mass, and
dimensionless tidal deformability Λ of a 1.35M neutron star,
respectively.
Model Mmax [M ] M∗,1.35 [M ] R1.35 (km) C1.35 Λ1.35
SFHo
2.06
1.48
11.9
0.167 420
DD2
2.42
1.47
13.2
0.151 854
TM1
2.21
1.45
14.5
0.138 1428

single out the effect of neutrino transport. Sections V
and VI are devoted to discussions and a summary, respectively. The gravitational constant and speed of light
are denoted by G and c, respectively. The temperature is
expressed in MeV, implicitly multiplying the Boltzmann
constant, kB . The greek indices α and β denote spacetime components, and the latin index i denotes space
components.
II.
A.

NUMERICAL METHOD

Equation of state and initial condition

We adopt three nuclear-theory-based finitetemperature equations of state for the neutron-star
matter to span a plausible range of nuclear-matter properties following our previous work on binary neutron
stars [17]. Specifically, the so-called SFHo [66], DD2
[67], and TM1 [68] equations of state are employed
in this study. Our choice is also the same as that for
black hole-neutron star binary mergers performed in a
conformal flatness approximation of Ref. [13]. The equations of state provide thermodynamic quantities such as
the pressure and entropy as functions of the rest-mass
density ρ, electron fraction Ye , and temperature T .
Important properties of neutron stars computed with
the adopted equations of state are summarized in Table I
(see also Ref. [17] for microphysics parameters). The
radii of 1.35M neutron stars at zero temperature are
11.9 km, 13.2 km, and 14.5 km for SFHo, DD2, and TM1,
respectively. While TM1 is marginally inconsistent with
existing constraints [69, 70],1 we include this model
for exploring the dependence of merger outcomes on
equations of state in a wide range. All the equations of
state can support observed 2M neutron stars [71, 72].
Initial data of black hole-neutron star binaries are
given by quasiequilibrium states computed in the puncture framework. Numerical computations are performed
using a multidomain spectral method library, LORENE,2

1
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TM1 is not favored from the observation of GW170817 [45] either, which was recently.
http://www.lorene.obspm.fr/
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and the details are described in Refs. [3, 73]. Neutrinoless
β-equilibrium states at 0.1 MeV are assumed for the initial neutron stars. The electron fraction typically takes
values of 0.05–0.1 for the inner crust and the outer core,
from which dynamical ejecta arise [11].
In this work, we fix all the parameters except for
the neutron-star equations of state for simplicity. The
masses of black holes and neutron stars are chosen to
be MBH = 5.4M and MNS = 1.35M , respectively.
Thus, the mass ratio Q ≡ MBH /MNS is 4. This relatively small value is chosen so that the neutron star
can be disrupted before the plunge in the presence of a
moderately large spin of the black hole [3, 11], while the
mass is kept astrophysically realistic [74]. The dimensionless spin parameter of the black hole is chosen to be
2
χ ≡ cJBH /(GMBH
) = 0.75 with JBH being the angular
momentum of the black hole, and the orientation is set
to be parallel to the orbital angular momentum of the binary. The initial orbital angular velocity Ω of the binary
is chosen to be Gm0 Ω/c3 = 0.056, with which binaries
spend ∼ 3–4 orbits before tidal disruption of neutron
stars.

B.

Radiation-hydrodynamics simulation

Our numerical simulations are performed by a fully
general-relativistic
neutrino-radiation-hydrodynamics
code developed in Refs. [17, 19]. The Einstein evolution
equations are solved in the Baumgarte-Shapiro-ShibataNakamura formalism [75, 76] employing a moving puncture gauge condition [77–79]. Radiation-hydrodynamics
equations for neutrinos are solved explicitly in time by
an approximate neutrino-transfer scheme based on the
truncated moment formalism [80, 81] with cooling source
terms computed by a general-relativistic leakage scheme
[82, 83] and heating sources terms due to neutrino
capture processes (see also Ref. [61]). Specifically, we
decompose the energy-momentum tensor and associated
local conservation equations into two parts. One part
denoted by T αβ represents the sum of the fluid and
trapped neutrinos, for which the basic equation is given
by
α
∇β T αβ = −Qα
cool + Qheat .

(1)

αβ
The other part denoted by Tν,S
represents streaming neutrinos, and the basic equation is
αβ
α
∇β Tν,S
= Qα
cool − Qheat .

(2)

α
Here, Qα
cool and Qheat are the rates of neutrino emission
(cooling) and absorption (heating), respectively. The
energy-momentum tensor of the fluid and trapped neutrinos is written by the ideal-fluid form with the four
velocity uα [82], and that of streaming neutrinos is given
assuming an M1 closure relation with a variable Eddington factor for handling gray regimes [81]. We also

TABLE II. Grid setup of each model. L is the box size of
the largest computational domain. ∆x is the grid spacing at
the finest computational domain. Rdiam /∆x is the number of
grids assigned to the semimajor diameter of the neutron star
along the binary separation.
Model L (km) ∆x (m) Rdiam /∆x
SFHo 17 600
250
70
DD2
18 040
270
75
DD2-low 18 432
400
52
TM1
19 507
300
76

solve the evolution of chemical composition incorporating both the neutrino emission and absorption, applying
a β-equilibrium limiter on the electron fraction to avoid
an unstable oscillation associated with stiff source terms
[82]. The floor density of artificial atmosphere is set to
be ≈ 2 × 103 g cm−3 with Ye = 0.47 and T = 0.1 MeV in
this work.
The emission and absorption rates are determined by
an optical-depth-weighted sum of the values for the diffusion and free-streaming limits [82]. Our emission processes include electron/positron captures on free nucleons, those on heavy nuclei, pair annihilation, nucleon
bremsstrahlung, and plasmon decay. Precise forms of the
emission rates are provided in Ref. [84]. For the absorption, we consider neutrino captures on free nucleons. The
absorption rate is computed using the cross section given
in Ref. [84] assuming neutrinos to obey the Fermi-Dirac
distribution at the fluid temperature with chemical potential that reproduces the energy density obtained from
time evolution. In fact, this assumption on the temperature is not always well motivated, and we discuss this
issue in Sec. IV. We collectively denote muon/tau neutrinos/antineutrinos as heavy-lepton neutrinos νx , all of
which experience only the same set of neutral-current interactions.
Our code implements a fixed-mesh-refinement algorithm to simultaneously cover a large spatial region and
resolve the compact objects. Specifically, our computational domains consist of seven cuboids centered at
an approximate center of mass of the system, and each
of the cuboids has (2N + 1, 2N + 1, N + 1) Cartesian grid points in (x, y, z) directions with the equatorial symmetry imposed at z = 0. By denoting the
region covered by the largest and coarsest domain by
[−L : L] × [−L : L] × [0 : L], the grid spacing of the
largest domain is (∆x)0 = L/N . The size and grid
spacing of the adjacent domain are halved simultaneously, and thus our smallest and finest domain covers
[−L/26 : L/26 ] × [−L/26 : L/26 ] × [0 : L/26 ] with its grid
spacing ∆x ≡ (∆x)6 = L/(26 N ). Precise values of L
and ∆x are presented in Table II for each model. For the
DD2 model, we also perform a low-resolution simulation
denoted by DD2-low to check the resolution dependence
of our results (see Sec. III D).
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III.

RESULT

In this section, we describe the results of neutrino radiation-hydrodynamics simulations of black holeneutron star binary mergers. Throughout this paper, we
define the time of merger, tmerge , by the time when the
baryon rest mass of 0.01M is swallowed by the black
hole (strictly speaking, the apparent horizon) following
our previous work [3, 10, 11, 85, 86]. The time of merger
defined in this manner is earlier by up to 1.5 ms than
the time when half of the material is swallowed (see, e.g.,
Refs. [9, 87]).

A.

Merger dynamics and remnant disk

The inspiral and merger phases are essentially unaffected by the neutrino transport (see Ref. [88] for reviews of purely hydrodynamic simulations). Our initial
data are chosen to complete ∼ 3–4 inspiral orbits taking ∼ 10 ms before the onset of merger. For the binary
parameters adopted in this study, the neutron star is always disrupted by the tidal force of the black hole before
the plunge. While most of the disrupted material immediately feeds the black hole, an outer part forms a
tidal tail spiraling around the central remnant. The outermost part of the tail is ejected dynamically from the
system, and we discuss the mass ejection separately in
Sec. III C. The irrelevance of neutrinos during this phase
is expected and has been found [8, 9], because no heating
mechanism raises the neutron-star temperature from the
initial value (except for the interaction with the artificial
atmosphere, which is found to be dynamically unimportant in our simulations).
Once the tidal tail collides itself and the shock heating
sets in, a remnant disk is formed with typical temperature of & 10 MeV and neutrinos begin to emerge. Figures 1, 2, and 3 show the rest-mass density, temperature,
and electron fraction, respectively, in the central region
at 10 ms after the onset of merger. The rest-mass density inside the remnant disk exceeds 1012 g cm−3 for the
models considered in this study. The electron fraction
in the dense part is . 0.2 at this time even though the
temperature is as high as 10 MeV. Figure 3 shows that
the electron fraction in the polar region is moderately
high, but the mass of such material is very small as the
isodensity contours imply.
Remnant disks formed after black hole-neutron star
binary mergers show qualitative differences from equilibrium tori commonly adopted as initial conditions of
black hole-disk simulations [13, 89–91]. The angular momentum profile is close to Keplerian particularly in the
innermost region [5, 9], and the disk is geometrically thinner than an equilibrium torus with constant specific angular momentum. We also find that the remnant disk
formed from a compact neutron star such as SFHo exhibits an extended region with Ye ≈ 0.2, which is higher
than Ye = 0.1 commonly adopted as initial conditions of

black hole-disk simulations (see also Ref. [92]). These features should have various implications for the postmerger
dynamics as we discuss in Sec. V.

B.

Neutrino emission

Figure 4 shows the evolution of the neutrino luminosity for all the models and flavors. All the models dominantly emit electron neutrinos and antineutrinos with the
peak luminosity of ∼ 0.5–2 × 1053 erg s−1 for each flavor
at ≈ 10 ms after the onset of merger. Because the selfcollision of the tidal tail occurs only after a single revolution around the black hole (see also Ref. [11]), the onset
of neutrino emission is delayed by ≈ 10 ms with respect to
the tidal disruption of the neutron star. The emission is
dominated by electron/positron captures onto free nucleons (see also below for the discussion of the pair process).
The luminosity is higher for ν̄e by 20%–30% than for νe
as in the case of binary-neutron-star mergers [17, 19, 93–
95], because neutrons are more abundant than protons
in the accretion disk formed from neutron stars. This
hierarchy has also been found in previous studies for the
merger of black hole-neutron star binaries [8, 9, 96].
The peak luminosity is higher for the model with a
softer equation of state and thus a smaller neutron-star
radius such as SFHo. This trend is consistent with the
mergers of binary neutron stars [17–19, 63].3 For black
hole-neutron star binaries, this dependence of the neutrino luminosity on the neutron-star radius immediately
means that the peak luminosity is anticorrelated with
the disk mass, because it is established by various previous work that the disk mass is an increasing function of
the neutron-star radius for given binary parameters [88].
Figure 5 shows the time evolution of the mass remaining
outside the apparent horizon. As expected, the larger the
neutron-star radius, the larger the mass outside the apparent horizon. Quantitatively, the values at 10 ms after
the onset of merger agree approximately with those found
in our purely hydrodynamic studies performed adopting
piecewise polytropic equations of state for comparable
neutron-star compactnesses [3] (see also Ref. [97]). This
agreement confirms the irrelevance of the neutrino transport in the inspiral and merger phases.
The variation of the neutrino luminosity cannot be ascribed to the spin of the remnant black hole, which is
not different substantially among the models. Specifically, the black-hole spins are 0.84–0.86 at 10 ms after
the onset of merger, which agree with those obtained in
our purely hydrodynamic studies [3] (see also Ref. [98]),
and the accretion increases them by 0.01–0.02 in 30 ms.
We find that the spin parameter is the largest for SFHo

3

This trend seems to be consistent with previous simulations of
black hole-neutron star binary mergers [9], whereas it is not explicitly stated.

5

FIG. 1. Rest-mass density profiles in the central region at 10 ms after the onset of merger, which approximately corresponds to
the peak of neutrino luminosity. The black circles show the apparent horizons. The velocity vector v i ≡ ui /ut is overplotted.

FIG. 2. The same as Fig. 1 but for the temperature. We also show isodensity contours for ρ = 108 (yellow dotted), 1010 (orange
dashed), and 1012 g cm−3 (light blue solid).

and the smallest for TM1, but the difference is very minor.
The high neutrino luminosity for a small neutron-star
radius is ascribed to high temperature realized in a compact accretion disk. Figure 6 compares the time evolution
of the maximum temperature in the accretion disk and
shows that the temperature is higher for smaller neutron
stars around t − tmerge ≈ 10 ms, i.e., the peak of the neutrino luminosity. For neutron stars with a small radius
such as SFHo, tidal disruption occurs at an orbit very

close to the innermost stable circular orbit of the black
hole. Accordingly, the self-collision of the tidal tail occurs
also near the innermost stable circular orbit. Reflecting
high orbital velocity of the close orbit, the energy liberation near the black hole results in the high temperature.
Because the emissivity of neutrinos by electron/positron
captures is sensitive to the temperature [82, 84], the neutrino luminosity becomes high for soft equations of state
and small neutron-star radii.
The rest-mass density may have less impact on the neu-

6

FIG. 3. The same as Fig. 1 but for the electron fraction. We also show isodensity contours for ρ = 108 (yellow dotted), 1010
(orange dashed), and 1012 g cm−3 (light blue solid). The mass of material with a high electron fraction in the polar region is
very small.

trino luminosity. Figure 7 shows the time evolution of the
maximum rest-mass density in the accretion disk, which
is higher for TM1 than for SFHo on average. The higher
rest-mass density for a larger neutron-star radius has already been found in our purely hydrodynamic study as
the correlation between the maximum rest-mass density
and the disk mass [85, 86]. Although the high rest-mass
density of the disk for TM1 could be potentially advantageous for neutrino emission, the high temperature of
the disk for SFHo plays a dominant role in determining
the neutrino luminosity. Note that the high rest-mass
density also increases the optical depth and obscures the
inner hot portion to some extent, and the values of Ye
in the outer part of the disk are increased by neutrino
irradiation.
We do not observe strong emission of heavy-lepton neutrinos from the merger remnant of black hole-neutron
star binaries. In fact, we are required to multiply the
luminosity by a factor of 10 to make the curve for νx visible in Fig. 4. This weakness should be compared with
moderately strong emission from massive neutron stars
formed after binary-neutron-star mergers [17, 19, 95, 99],
for which heavy-lepton neutrinos are emitted via pair
processes such as the electron-positron pair annihilation. This difference reflects the different temperature
of merger remnants. While the massive neutron stars
formed after binary-neutron-star mergers are as hot as
a few tens of MeV, typical temperature of the accretion
disk formed after black hole-neutron star binary mergers
is around 10 MeV. This is not sufficient to produce a
copious amount of heavy-lepton neutrinos via pair processes. Note that the difference of the heavy-lepton neutrino luminosity between SFHo and TM1 is by a factor

of 7–8 around the peak, whereas those of the electron
neutrino and antineutrino luminosity are at most by a
factor of 2. This reflects the steep dependence of the
pair emission rate on the temperature.
Figure 8 compares the time evolution of the average
neutrino energy among the models. The average energy
of neutrinos is not distinctively higher for a softer equation of state, say SFHo, at t − tmerge ≈ 10 ms for any
flavor, unlike the maximum temperature in the accretion disk. After t − tmerge ≈ 20 ms, the average neutrino
energy for each flavor settles approximately to constant
values common among the models. This suggests that
the temperature at the neutrino sphere for a given flavor
is similar at the late time irrespective of the neutronstar radius. Specifically, the energy settles to ≈ 8, 11,
and 13 MeV for νe , ν̄e , and νx , respectively. Note that,
however, the average neutrino energy in this work is estimated as the ratio of the energy emission rate (luminosity) to the number emission rate computed within a gray
leakage scheme, and thus only semiquantitative. Precise
estimation requires simulations with a multienergy transfer scheme (see also Ref. [21]).
The luminosity gradually decreases in time due to the
accretion of hot material by the remnant black hole.
From Fig. 4, the luminosity is expected to decrease by
an order of magnitude from the peak value in ≈ 100 ms
after the onset of merger, which approximately amounts
to the accretion time scale of the remnant due to hydrodynamic processes associated with nonaxisymmetric
disk structures [9–11, 87]. Specifically, the accretion time
scale is estimated to be ≈ 130–150 ms at ≈ 30 ms after
the onset of merger, being consistent with our previous
work when measured at a similar epoch [10, 11, 85, 86].
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FIG. 4. Neutrino luminosity curves for SFHo (top), DD2
(middle), and TM1 (bottom). The purple-dashed, greensolid, and cyan-dotted curves correspond to the electron neutrino, electron antineutrino, and one of the heavy-lepton neutrinos, respectively. The luminosity curves for the heavylepton neutrinos are multiplied by a factor of 10 to make the
plot visible.

The accretion time scale depends only weakly on the grid
resolution [10]. An effective viscosity may be characterized by α ∼ 0.005–0.01 in a standard prescription [100].
In reality, however, the temperature of the disk should
be increased by viscous heating due to magnetohydrodynamic processes in the accretion phase. If the material
is heated efficiently, the neutrino luminosity is enhanced
(see, e.g., Refs. [62, 89, 101–103]), and therefore our estimate should be regarded as a lower limit. We would like
to revisit this topic in the near future [61, 104, 105].

C.

Mass ejection

The outer part of the tidally elongated neutron stars is
ejected dynamically at 1–2 ms after the onset of merger
[7, 11]. Figure 9 shows the rest-mass density, temperature, and electron fraction of the ejecta as well as the
bound material on the equatorial plane at 3 ms after the
onset of merger. The amount of dynamical ejecta in the
polar region is tiny [7, 11]. The ejecta are anisotropic
and cold as found in previous work [7, 11]. In this work,
we further found that the electron fraction is as low as
Ye . 0.1 for the most part of the dynamical ejecta, even
though the neutrino transport is solved in this work.
In the following, we investigate the properties of ejecta
quantitatively.
Figure 10 shows the time evolution of the ejecta mass.
All the curves in the figure exhibit a steep rise associated with the dynamical mass ejection in a few milliseconds after the onset of merger. The values of the ejecta
mass are ≈ 0.01M , 0.05M , and 0.08M for SFHo,
DD2, and TM1, respectively, at 10 ms after the onset of
merger. They are compatible with the results of our previous purely hydrodynamic study performed with piece-
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wise polytropic equations of state for models with comparable binary parameters [11]. We also find that our
results are consistent with a fitting formula4 for dynamical ejecta calibrated against the results of simulations
performed employing piecewise polytropes [27]. Specifically, the fitting formula predicts 0.009M , 0.04M , and
0.07M for SFHo, DD2, and TM1, respectively. This
agreement implies that the fitting formula of Ref. [27] is
valid also for finite-temperature equations of state.
Figure 11 shows the time evolution of the ejecta velocity, which is 0.25–0.3c at 10 ms after the onset of merger.
This also agrees with our previous results and the prediction of the fitting formula, 0.25c, for the dynamical ejecta
[27]. However, we see that the ejecta velocity asymptotes
to 0.2–0.25c on a long time scale as they escape from the
gravitational binding of the remnant black hole. The
decrease by ∼ 20% is consistent with the estimate in
Ref. [11].
The electron fraction of the dynamical ejecta is lower
than Ye = 0.1 for most of the ejecta components. Figure
12 shows the time evolution of the mass-averaged electron
fraction, Ye,ej , which is identical to the electron fraction
of the entire ejecta. The values fall in the range between 0.05 and 0.07 for all the models. This low electron
fraction directly reflects the composition of neutron-star
matter in neutrinoless β-equilibrium at zero temperature.
Stated differently, neither the shock heating nor the neutrino irradiation (see Fig. 4) has a significant impact on
the dynamical ejecta that leave the central region in a
short time scale after the onset of merger.
The averaged electron fraction, Ye,ej , is higher when
the ejecta mass is larger for the models considered in this
study, and this trend is opposite to that observed in the
case of binary neutron stars [17, 19]. Whereas numerical errors associated with the finite resolution prevent
us from concluding this correlation to be definitive (see
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FIG. 7. Time evolution of the maximum rest-mass density
in the accretion disk for SFHo (purple dashed), DD2 (green
solid), and TM1 (cyan dotted).
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FIG. 8. Time evolution of the average neutrino energy for
νe (top), ν̄e (middle), and νx (bottom). The purple-dashed,
green-solid, and cyan-dotted curves correspond to SFHo,
DD2, and TM1, respectively. The average energy of ν̄e and νx
approaches 30 MeV at t−tmerge ≈ 3–4 ms, whereas we restrict
the range in this figure to focus on long-term behavior.

Sec. III D), we argue below that this can reasonably stem
from the correlation between the symmetry energy for
nuclear matter and the neutron-star radius [106]. When
the symmetry energy is higher, the pressure of nuclear
matter at and above the saturation density tends to be
higher. High pressure at and above the saturation density is empirically found to give a large neutron-star radius [106], and the large radius gives the large ejecta mass
for black hole-neutron star binaries. Thus, the symmetry energy can be correlated with the ejecta mass via the
tidal effect. At the same time, the material prefers relatively proton-rich conditions characterized by a higher
value of Ye when the symmetry energy is higher. Hence,

9

FIG. 9. Rest-mass density (top), temperature (middle), and electron fraction (bottom) profiles on the equatorial plane at
3 ms after the onset of merger, when the mass and electron fraction of the ejecta approximately settle to asymptotic values.
Note the different spatial scale compared to Figs. 1, 2 and 3. Black (top) and white (middle and bottom) curves indicate the
unbound component identified by the conditions ut < −1 (shown only for ρ ≥ 106.5 g cm−3 to match the top row), which are
indistinguishable from hut < −1 on panels presented here [11]. The velocity vector v i ≡ ui /ut is overplotted on the rest-mass
density profiles. We also show isodensity contours for ρ = 107 (yellow dotted), 109 (orange dashed), and 1011 g cm−3 (light
blue solid) on the temperature and electron-fraction profiles.

the ejecta mass and averaged electron fraction can be
reasonably correlated. Note that the ejecta mass also depends on binary parameters other than the neutron-star
radius.
Figures 13 present the mass spectrum of the elec-

tron fraction measured at ≈ 10 ms after the onset of
merger. These spectra do not change appreciably in time.
The electron fraction peaks sharply around the averaged
value, Ye,ej , shown in Fig. 12. The peak shifts slightly towards the high-Ye side as the equation of state becomes
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FIG. 11. Time evolution of the ejecta velocity estimated in the
same manner as described in Refs. [11, 15] for SFHo (purple
dashed), DD2 (green solid), and TM1 (cyan dotted). The
values before t = tmerge are numerical artifacts associated
with the small ejecta mass. The values right after the onset
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stiff in accordance with Fig. 12. We find that the specific
−1
entropy also takes a low value of . 10kB
irrespective of
−1
the models peaking around 5kB . This is consistent with
the finding that the ejecta do not experience substantial
shock heating. The low electron fraction and entropy of
the dynamical ejecta found in this study agree with the
results of previous simulations performed without neutrino absorption [1, 4, 13, 14].
We observe no substantial mass ejection from the remnant disk due to the neutrino heating, i.e., neutrinodriven wind, in our simulations performed until a few
tens milliseconds after the onset of merger. This is evident from the approximately constant values of the ejecta
mass at late times (see Fig. 10). The insignificance of the
purely neutrino-driven wind has been pointed out in various simulations for the remnant of black hole-neutron
star binary mergers with different levels of sophistication
[13, 65, 89, 90]. Our study confirms this fact by fully
general-relativistic radiation-hydrodynamics simulations
starting from the inspiral phase for the first time. We
caution that our current simulations cannot evaluate the
amount of the viscously driven wind and the effect of
neutrino irradiation on it, because physical viscosity is
not implemented.
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FIG. 12. Time evolution of the mass-averaged electron fraction of the ejecta for SFHo (purple dashed), DD2 (green
solid), and TM1 (cyan dotted).

Convergence

We check the convergence of our results by simulating
the DD2 model with a low resolution of ∆x = 400 m,
which is coarser by ≈ 50% than our fiducial run. Figure
14 shows various quantities derived by the high- (discussed so far) and low-resolution simulations. By conservatively assuming first-order convergence, the error in
the high-resolution results will be twice the difference between high- and low-resolution ones. While some physical
quantities do not converge very well with our current res-
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FIG. 14. Comparison of results for the DD2 model between high (∆x = 270 m, solid curve) and low (∆x = 400 m, dashed
curve) resolutions. The former is the same as those have been shown in other figures. The top-left, top-right, bottom-left,
and bottom-right panels show the neutrino luminosity for all the flavors, the ejecta mass, the ejecta velocity, and the averaged
electron fraction of the ejecta, respectively. The luminosity curves for the heavy-lepton neutrinos are multiplied by a factor of
10 to make the plot visible in the top-left panel. The velocity right after the onset of merger is out of the vertical range and is
not shown in the bottom-left panel as described in the caption of Fig. 11.

olutions, we may safely conclude that, e.g., the dynamical
ejecta from black hole-neutron star binaries have a low
electron fraction of Ye . 0.1 as discussed in the following.
The top-left panel of Fig. 14 compares the time evolution of the neutrino luminosity. The peak luminosity agrees within a few % for the electron neutrino/antineutrino and 10% for the heavy-lepton neutrino. This agreement implies that our simulations appropriately resolve the process of the disk formation. After the peak, the luminosity is systematically higher by
∼ a few tens % for the low resolution irrespective of the
flavors. This difference stems from spurious heating at
the low resolution due to enhanced numerical dissipation
in the remnant disk. Thus, the late-time luminosity may
be overestimated by a factor of up to ∼ 2 for our fiducial
runs under adopted physical inputs. The realistic values
should be set by physical viscosity not modeled in this
study.
Kinematic properties of the ejecta are approximately
convergent. Specifically, Fig. 14 shows that the mass
(top right) and velocity (bottom left) agree within 5%
between two resolutions. Thus, the error in the results
of the high-resolution run may be less than 10%. Such
good convergence is expected for the case in which the

ejecta mass is large [11] and may also apply to the other
models considered in this study.
The averaged electron fraction of the ejecta shown in
the bottom-right panel of Fig. 14 is less convergent than
the kinematic properties, although the error does not
seem crucial. The difference between the high and low
resolutions is ≈ 10%, and the error in the results of the
high-resolution run may be as large as ≈ 20%. We observe that the material with high values of Ye is slightly
more abundant for the low resolution than for the high
resolution, but the mass with Ye ≥ 0.1 is less than 0.1%
of the ejecta mass and is much smaller than the numerical
error. Thus, we may safely conclude that the dynamical
ejecta from black hole-neutron star binaries have a low
electron fraction of Ye . 0.1.

IV.

RESULT WITHOUT NEUTRINO
ABSORPTION

To single out the effect of neutrino transport, we perform a simulation for the DD2 model without incorporating neutrino absorption. The neutrino light curves are
compared in Fig. 15. This figure shows that the neutrino
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FIG. 15. Neutrino luminosity curves of all the flavors for
DD2. The color is the same as Fig. 4. The solid and dashed
curves are results for simulations with and without neutrino
absorption, respectively, and thus the former is the same as
the middle panel of Fig. 4. The luminosity curves for the
heavy-lepton neutrinos are multiplied by a factor of 10 to
make the plot visible.

emission is not affected substantially by the neutrino absorption onto the material. Note that the optical depth
is always taken into account for calculating the neutrino
luminosity in the leakage scheme irrespective of the neutrino transport. Close inspection reveals that the luminosity becomes slightly low when the absorption is taken
into account as a natural outcome.
The insignificance of the neutrino absorption in the
mass ejection from black hole-neutron star binaries is
confirmed by comparing the results of simulations with
and without neutrino absorption. Figure 16 shows the
time evolution of the mass and averaged electron fraction of the ejecta. Neither quantity changes appreciably
as a result of the neutrino absorption. The differences
are much smaller than the errors associated with the finite resolution discussed in Sec. III D. This comparison
clearly indicates that the purely neutrino-driven wind is
negligible and also that the neutrino irradiation does not
have a significant impact at least within our approximate
transport scheme for this model.
We also perform a simulation without neutrino absorption for the SFHo model up to t − tmerge ≈ 20 ms and
obtain the same conclusion. Because the ejecta mass is
smaller for SFHo than for DD2, this comparison gives
stronger evidence of the insignificance of the neutrino
transport. Quantitatively, the averaged electron fraction,
Ye,ej , decreases only by . 0.001.
The ineffectiveness of neutrino absorption can be understood by following analytic arguments. By approximating that the ejecta are composed purely of neutrons,
the time scale for neutrino absorption to change the electron fraction of ejecta by (arbitrarily chosen) ∆Ye,ej ≈ 0.1

where texp ≈ t−tmerge is the time scale of the expansion of
the ejecta, σ ≈ 10−41 cm2 is the cross section for the capture of neutrinos with average energy of hν i ≈ 10 MeV,
and Lν is the neutrino luminosity, which takes a value of
≈ 1053 erg s−1 around the peak of emission, texp ≈ 10 ms.
The time scale for the appreciable increase of internal energy is longer than this, because the kinetic energy per
nucleon, a few tens of MeV, is higher than the average
energy of neutrinos. These time scales are always longer
by at least an order of magnitude than the expansion
time scale of the ejecta, texp . In reality, tabs is likely to
be longer than this estimate, because neutrinos have to
catch up the ejecta, the neutrino luminosity decreases in
time, and the ejecta contain a small fraction of protons.
Thus, the neutrino absorption should be ineffective, and
our simulations confirm this expectation.
We note that our treatment of the neutrino absorption
is approximate, while the associated error is expected to
be minor. Specifically, we calculate the absorption rate in
a local manner assuming that streaming neutrinos obey
the Fermi-Dirac distribution with the temperature of the
fluid. This prescription is expected to be valid in the optically thick and also intermediate (gray) regions. However, the neutrino temperature is underestimated in the
cold and optically thin region, where high temperatures
in the emitting region should be appropriate. At the
same time, we assign finite chemical potential to streaming neutrinos by requiring that the energy density agrees
with the value obtained from the time evolution. Mitigated by this finite chemical potential, the absorption
rate is underestimated by typically less than a factor of
2 even in the optically thin region. This amount of the
error is unlikely to affect our conclusion that the neutrino absorption is inefficient in dynamical mass ejection
from black hole-neutron star binaries. It is also assuring
that our results are consistent with those of a postprocess
study of neutrino irradiation for black hole-neutron star
binaries [55], and the weakness of the purely neutrinodriven wind from the hot remnant disk may be affected
only very weakly by this treatment of the temperature.
Still, the assumption that neutrinos obey the Fermi-Dirac
distribution itself is not strictly valid [107], and multienergy transport simulations are necessary to obtain reliable results (see also Ref. [21]). We leave this task as
our future study.
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FIG. 16. Time evolution of the mass (left) and averaged electron fraction (right) of ejecta for the DD2 model with (solid) and
without (dashed) neutrino absorption.

V.
A.

DISCUSSION

r -process nucleosynthesis and
macronova/kilonova

The very neutron-rich dynamical ejecta from black
hole-neutron star binaries are promising as a site of the
strong r -process nucleosynthesis, which produces the second and third peaks of the abundance pattern. However,
it is very unlikely that the dynamical ejecta from black
hole-neutron star binaries can produce elements below
the second peak, because the ejecta component with the
electron fraction appropriate for the first-peak production, say Ye & 0.25 [50, 55], is very minor even under
the neutrino irradiation (see Fig. 13). Furthermore, the
purely neutrino-driven wind is negligible even if its electron fraction could be high. Still, the remnants of black
hole-neutron star binaries could produce the first-peak
elements if the viscously driven wind is strong and only
mildly neutron rich [13, 64]. Sufficient viscosity may be
provided via the magnetorotational instability in the accretion disk [12, 91], and we would like to study the chemical composition of such wind components and associated
nucleosynthesis in the near future. Because the electron
fraction of the remnant disk is not necessarily as low as
Ye = 0.1, particularly if the neutron star is compact like
our SFHo model (see Fig. 3), strong r -process nucleosynthesis and lanthanide formation may be suppressed [92].
The dynamical ejecta from black hole-neutron star binaries will give rise to a bright macronova/kilonova due
to not only the large mass but also various reasons. Because the lanthanides and actinides must be synthesized
enormously for the low electron fraction [108, 109], the
opacity should be similar to that of the dynamical ejecta
from binary neutron stars except for high-Ye components
around the polar direction [17, 19, 50] and will not make
a substantial difference in the emission. The luminosity
during the early, optically thick phase will be enhanced
compared to the spherical ejecta due to the anisotropic
geometry, which increases the temperature for a given

heating source, and accordingly the color will tend to be
blue [7, 11, 26].
Dependence of the heating efficiency on the electron
fraction has recently been discussed vigorously [110, 111].
The r-process nucleosynthesis under a very low electron
fraction produces transuranic elements and even induces
fission cycling, and thus the dynamical ejecta from black
hole-neutron star binaries should contain many heavy nuclides that experience the fission and/or α-decay. Decay
heat liberated in these channels is deposited more efficiently to the ejecta than that in the β-decay, in which
the energy can be taken away by escaping neutrinos and
γ rays. While it is debated whether fissile nuclides remain until the epoch relevant to the macronova/kilonova
[110, 111], decay heat of the β-decay can also be thermalized efficiently in the anisotropic ejecta due to the large
optical depth to γ rays associated with the high density.
Thus, the macronova/kilonova from black hole-neutron
star binaries will be brighter than that from binary neutron stars for given values of the ejecta mass and kinetic
energy.

B.

Short-hard gamma-ray burst

The key to a successful short-hard gamma-ray burst
is the launch of a collimated ultrarelativistic jet. One
plausible mechanism for the jet launch is pair annihilation of neutrinos and antineutrinos in the polar region of the black hole [112–114]. In the following, we
discuss the implication of the results obtained by our
neutrino-radiation-hydrodynamics simulations focusing
on this mechanism. Our discussion may not apply to
other mechanisms of the jet launch, such as the magnetically driven model [12, 115], whereas neutrino cooling
and heating are always essential to determine dynamics
and properties of the accretion flow [116].
Our results suggest that a massive accretion disk is
not necessarily promising for driving an energetic jet from
black hole-neutron star binary mergers. Among the three
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models considered in this work, the peak neutrino luminosity is higher when the equation of state is softer and
thus the neutron-star radius is smaller because of the
higher temperature in the disk. On another front, the
large neutron-star radius is advantageous for producing
a massive accretion disk as is well known [3, 85, 86, 97]
and is confirmed in this work. Thus, the large disk mass
does not necessarily give rise to high neutrino luminosity. Although our simulations do not incorporate viscous
heating that will affect late-time behavior, this effect is
not likely to modify the peak luminosity substantially,
because the temperature achieves an approximately virialized value at the peak of emission due solely to the
shock heating. Moreover, the disk mass as an energy
source decreases monotonically in time, and the viscosity
only accelerates the accretion. Therefore, the viscosity is
not likely to produce a later and stronger peak than that
seen in this study (but see also Refs. [117, 118]). By considering the quadratic dependence of the neutrino pairannihilation power on the neutrino luminosity [61, 112–
114], a large disk mass is not necessarily advantageous
for launching a high peak-luminosity jet via this process.
It should be cautioned that the peak neutrino luminosity
may not be directly relevant to the total energy of the
jet, because it will be determined by late-time luminosity that can be enhanced by viscosity. The annihilation
efficiency can also be enhanced if the viscosity changes
the geometry of accretion flows from the disk to a torus.
The accretion disks formed in our models of black holeneutron star binaries are not likely to sustain the jet for
a duration longer than ≈ 100 ms. This is significantly
shorter than the typical duration of prompt emission for
observed short-hard gamma-ray bursts [36]. The viscosity neglected in this work will not lengthen the emission
time scale, because the accretion time scale will only be
decreased by the enhanced angular momentum transport.
Although our simulations explore a very limited region
of possible parameters, it will not be easy to obtain a
sizable disk with the accretion time scale much longer
than 100 ms. Thus, it will be challenging for black holeneutron star binaries to explain the duration of typical
prompt emission as well as extended emission [119].
The merger remnants of our current simulations are
also lacking plausible mechanisms to collimate the jet,
while the viscosity is essential to draw a conclusion on
this topic. In the case of binary-neutron-star mergers, the
dynamical ejecta as well as the disk wind will surround
the polar region of the central black hole, and indeed it
has been shown that they can collimate a hypothetical
jet via hydrodynamic interaction depending on the models [40–44]. By contrast, our simulations indicate that
neither the dynamical ejecta nor the purely neutrinodriven wind supply substantial material to the polar region in black hole-neutron star binary mergers. This fact
does not mean that the hydrodynamic collimation cannot work in black hole-neutron star binaries, because the
viscously driven wind together with the neutrino irradiation could be responsible for feeding the polar region.

Note that the authors are not aware of simulations for jet
propagation starting from geometrically thin initial disk
configurations in this context. We would like to revisit
this topic in the near future with viscous-hydrodynamics
simulations [104, 105].

VI.

SUMMARY

We performed a series of neutrino-radiationhydrodynamics simulations in full general relativity
for black hole-neutron star binary mergers. We adopt
an approximate but self-consistent neutrino transport
scheme including both emission (cooling) and absorption
(heating). The neutron star is modeled by three finitetemperature equations of state (SFHo, DD2, and TM1),
whereas we focus only on the cases that the neutron-star
mass (1.35M ), black-hole mass (5.4M ), and blackhole spin (0.75 in terms of the dimensionless parameter
and aligned with the orbital angular momentum) are
fixed.
We find that the mergers of our black hole-neutron star
binary models result in the formation of massive remnant
disks with 0.2–0.4M that emit a copious amount of the
electron neutrinos and antineutrinos with the peak luminosity ∼ 0.5–2 × 1053 erg s−1 for each flavor. Electron antineutrinos are brighter by 20%–30% than electron neutrinos due to the predominant positron capture on neutrons in the accretion disk. The emission of heavy-lepton
neutrinos is quite minor [9], because the temperature in
the remnant disk is not high enough for the pair processes to become efficient. The peak luminosity is higher
when the neutron-star radius is smaller among the three
models considered in this study due to the higher temperature in the accretion disk.
Properties of dynamical ejecta from black hole-neutron
star binaries are basically the same as those estimated in
previous purely hydrodynamic simulations [11]. In this
work, we confirm the expectation that the electron fraction of the dynamical ejecta is very low keeping the initial
composition of the cold neutron star. We show, for the
first time by merger simulations, that the neutrino irradiation does not affect significantly the properties of the dynamical ejecta such as the electron fraction by comparing
the results obtained with and without neutrino absorption. The reason is that the dynamical ejecta escape to
a distant region too rapidly to be irradiated by neutrinos
from the remnant disk. As a result, the extreme neutron
richness of the neutron-star material is approximately
preserved during the dynamical mass ejection irrespective of the neutrino transport. This fact indicates that
dynamical mass ejection from black hole-neutron star binaries can be studied accurately without implementing a
detailed neutrino transport scheme unlike that from binary neutron stars [17, 19]. Our results also suggest that
the nucleosynthesis outcome will be dominated by heavy
r -process nuclei around second and third peaks.
We also find that the remnant disks do not appreciably
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launch neutrino-driven winds. This is consistent with
previous studies of accretion disks with different levels of
sophistication [13, 65, 89, 90]. However, it is premature
to conclude that the neutrino transport does not play
any role in the mass ejection from black hole-neutron
star binaries. If magnetic fields and associated viscosity
play an important role in ejecting substantial material
from the remnant [12], the neutrino interaction can be
important for determining the properties of ejecta. We
leave such multiphysics simulations as our future task.
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