
Kilonovae/Macronovae from  
Black-hole Neutron star Mergers

2016.10.31-11.4 

Compact Stars and Gravitational Waves  

 ＠YITP Kyoto Uni.

A: Yukawa Institute for Theoretical Physics B: Interdisciplinary Theoretical Science Research Group, RIKEN  
C: National Astronomical Observatory of Japan  

Kyohei Kawaguchi
A

, Koutarou Kyutoku
B

, 

 Masaru Shibata
A

, Masaomi Tanaka
C

  

Y  TP
YUKAWA INSTITUTE FOR 
THEORETICAL PHYSICS

Ref: K. Kawaguchi, K. Kyutoku, M Shibata, M Tanaka., ApJ., 2016



Kilonovae / macronovae
• Black hole -neutron star binary mergers are among the 

most promising targets for ground-based gravitational-wave 
detectors.The simultaneous detection of electromagnetic 
counterparts with the gravitational-wave detection enhances 
scientific returns from each merger event.  

• A fraction of the NS material would be ejected during the 
NS-NS or BH-NS merger. Since the NS consists of highly 
neutron-rich matter, r-process nucleosynthesis is expected to 
take place in the ejecta. 

• Kilonova/macronova—the emission powered by decay of 
the radioactive nuclei would occur.  
(Li & Paczynski 1978) 

• Many numerical relativity (NR) simulation have been 
performed in a wide range of binary parameters, and the 
quantitative dependance of the properties of the ejecta is 
becoming clear.  
(e.g., KK et al. 2015, Kyutoku et al. 2015, Foucart 2014, 
Lovelace et al. 2013) 

• To discuss the observability of kilonovae/macronovae,  
multi-frequency radiation transfer (RT) simulations 
based on NR results  
(Roberts 2011, Kasen 2013, Tanaka et al. 2013)

Ref: K. Kawaguchi et. al 2015

Mass ejection from a black-hole-neutron star merger

Radiative transfer simulation of  
BHNS kilonova/macronova

The Astrophysical Journal, 780:31 (9pp), 2014 January 1 Tanaka et al.
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Figure 9. Expected observed ugrizJHK-band light curves (in AB magnitudes) for the BH–NS merger models APR4Q3a75 (red solid lines) and H4Q3a75 (blue solid
lines) and the NS–NS merger models APR4-1215 (red dashed lines) and H4-1215 (blue dashed lines). The light curves are those averaged over all solid angles. The
distances to the events are set to be 400 Mpc (BH–NS) and 200 Mpc (NS–NS). K correction is taken into account. Horizontal lines show typical limiting magnitudes
for wide-field telescopes (5σ with 10 minute exposure). For optical wavelengths (ugriz bands), “1 m,” “4 m,” and “8 m” limits are taken or deduced from those of
PTF (Law et al. 2009), CFHT/Megacam, and Subaru/HSC (Miyazaki et al. 2006), respectively. For NIR wavelengths (JHK bands), “4 m” and “space” limits are
taken or deduced from those of Vista/VIRCAM and the planned limits of WFIRST (Green et al. 2012) and WISH (Yamada et al. 2012), respectively.
(A color version of this figure is available in the online journal.)
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morphology of the ejecta by modeling the ejecta shape as a
partial sphere in the longitudinal and latitudinal directions as
shown in Figure 3. We employ spherical coordinates, setting
the ejecta on the equatorial plane. The latitudinal coordinate θ
is measured from the equatorial plane. Due to the homologous
expansion, each shell with the same radius has a velocity
v = r/t, where t is the elapsed time since the merger.

Kyutoku et al. (2013, 2015) showed that, the opening angle
of the ejecta arc is typically jej ≈ π, while the half thickness of
the ejecta in the latitudinal direction is typically θej ≈ 1/5. The
ejecta have an approximately flat distribution in their expand-
ing velocity. Assuming a homogeneous mass distribution in the
directions of θ and j, and a homologous expansion of the mass
shell for each velocity, the density of the ejecta is given by
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where vmax and vmin are the highest and lowest values of the
radial velocity of the ejecta, respectively. Here, we assume that
sin θej ≈ θej = 1.

We use a diffusion approximation for the radiation transfer.
We also assume a gray-opacity with κ = 10 cm2 g−1, which is
shown in Kasen et al. (2013) and Tanaka & Hotokezaka (2013)
to be a good approximation for determining the bolometric
luminosity of lathanoid-rich kilonovae/macronovae. Because
the density of the ejecta decreases in time due to the free
expansion, the optical depth of the ejecta decreases with time
and hence emission from inner ejecta eventually becomes
visible to the observer. Here, in order to calculate the
luminosity, we assume that the photons do not diffuse from
the radial edge or the longitudinal edge of the ejecta, but only
from the latitudinal edge. This assumption is justified by the
fact that θej is small for the ejecta from BH–NS mergers and the
areas of the radial edge and the longitudinal edge are smaller by
∼θej and ∼θej/jej than the area of the latitudinal edge,
respectively. Thus, the contribution of diffused photons to the
luminosity is dominated by the photons diffused in the
latitudinal direction until the photons start to escape from the
whole ejecta region. This assumption is also consistent with the
results of previous radiation-transfer simulations, which show
that the emission from the radial edge is smaller than that from

the latitudinal edge by a factor of about 3 until t ∼ 1 day (∼tc
below; see Figure 3 in Roberts et al. 2011 or Figure 8 in Tanaka
et al. 2014). At later times, the photons diffuse isotropically
since the whole region of the ejecta becomes visible (t > tc).
Considering the random walk of photons, the depth of the
visible mass is determined by the condition that the distance to
the latitudinal edge is comparable to the distance that a photon
diffuses, namely ( )R R U� xvt ctej . Here, ( )U LS R Rx �vt ej
is an optical depth measured from the latitudinal edge. From
this condition, we obtain the depth of the visible mass θobs as
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Using this result, the mass of the photon-escaping region is
given by,
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At t = tc, the whole region of the ejecta becomes visible. Thus
for t > tc, we set Mobs(t) = Mej.
Following Piran et al. (2013), we assume that the observed

luminosity is dominated by the energy release via radioactive
decay. Korobkin et al. (2012) and Wanajo et al. (2014) showed
that the specific heating rate is given approximately by a
power law ˙ ( ) ˙ ( )� �x B�t t day0 , and we set �̇ �0

q � �1.58 10 erg g s10 1 1 and α = 1.2 following Tanaka et al.
(2014). The resulting bolometric luminosity is given by
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Here, òth is the efficiency of thermalization introduced in
Metzger et al. (2010). The factor ( )R�1 ej is introduced to
include the contribution from the radial edge effectively.
In order to check the validity of the analytic model obtained

above, we compare Equation (12) with the results obtained
from radiation-transfer simulations in Tanaka et al. (2014)5

using the ejecta mass and ejecta velocity profiles obtained from
numerical-relativity simulations. Specifically, we focus on the
cases for “APR4Q3a75,” “H4Q3a75,” and “MS1Q3a75” in
Tanaka et al. (2014) and “MS1Q7a75” in Hotokezaka et al.
(2013). We plot the lightcurves predicted by our analytic model
in Figure 4. Here, we set jej = π, θej = 1/5, vmin = 0.02c, and

Figure 2. A snapshot of the numerical-relativity result for a BH–NS merger
(MS1i60) in Kawaguchi et al. (2015). In the figure, the ejecta (unbound
material) as well as the location of the BH are shown.

5 Data are available from http://th.nao.ac.jp/MEMBER/tanaka/nsmerger_
lightcurve.html.
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Parameter study of  
BHNS kilonovae/macronovae 

• The parameter study of BH-NS kilonovae/macronovae on the binary parameters are not  
yet enough since NR simulations and RT simulations are still computationally expensive. 

• To discuss the dependence and the observability of kilonovae/macronovae from the BH-NS 
mergers in wide range of binary parameter, we construct 

• i) mass and velocity fitting formulae for the ejecta from BH-NS mergers. 

• ii) an analytic light curve model of kilonovae/macronovae. 

• We calibrate and check the validity of those models by making comparisons with the results 
of NR simulations and RT simulations.

Light curve modelFitting formula

NR simulation

Parameter study

RT simulation

Calibration 
/Validity check

Please come and see my poster for the details and the results!


