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ü  Mass ejection from a merger 
ü  What we can learn from macronova (kilonova) candidates 



Case 1	

Case 2	Case 3	

NS-NS	

Hot differentially rotating NS 	

Cold uniformly rotating NS     	

Black hole	

Evolutionary path of  NS-NS merger	

Case 1：Massive Neutron Star formation 
Case 2 : Hypermassive Neutron Star formation 
Case 3：Prompt BH formation	



Neutron Star Mass Observations	
Ozel et al (2012)	

NS-NS	

Eclipsing 
 X-ray binary	

NS-WD	

NS-WD(opt)	

Accreting burster	

1.33± 0.05Msun

Mass of  Double NS system 	

Clustering	

PSR J1614+2230 (heavy pulsar) 	

MNS =1.97± 0.04Msun

Strong constraint on NS EOS.	
Demorest et al (2010)	

See also Antoniadis et al. (2013)	
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Figure 4.1: Pressure as a function of the mass density for six EOSs listed in Table 4.1 (left).

Mass and radius of a cold-spherical neutron star for these EOSs (right). This figure is

taken from Hotokezaka et al. (2013a)

Following the conclusion of a detailed study in Bauswein et al. (2010), Γth is chosen in

the range 1.6 – 2.0 with the canonical value 1.8. For several models, simulations were

performed varying the value of Γth (see Table 6.1).

4.2.3 Artificial atmosphere

We put an artificial atmosphere of a small density outside of neutron stars because a vac-

uum is not allowed in any conservative hydrodynamics scheme. For instance, to obtain the

velocity fields, the momentum density is divided by the density. An artificial atmosphere

in numerical simulations should be as tenuous as possible, in order to avoid significant

effects of the atmosphere on the motion of neutron stars and of ejected material from

neutron stars. Here, we set the density profile of the atmosphere in the following rule

ρat =

{
fat ρmax (r ≤ runi),

fat ρmax(r/runi)−n (r ≥ runi),
(4.40)

where ρmax denotes the maximum mass density of the neutron stars at the initial state
<∼ 1015 g/cm3. We typically set fat = 10−10, n = 3, and runi = 16Lmin, where 2Lmin

denotes the side length of the finest computational domain in the AMR algorithm. For

MS1, a computational region is wider due to the large radii of neutron stars, and thus,

we set fat = 10−11 in order to reduce the total mass of the atmosphere. In there setting,

the total mass of the atmosphere is less than ∼ 10−6M" or less for all cases. Such a value

is less than the typical value of ejecta mass, which will be focused in Chap. 7

43

Systematic study: Dependence of  NS-NS merger on NS EOS	

11km < R < 15km	

Mmax ≥ 2Msun

u  Binary Mass 
ü  Total Mass :  2.6〜2.9 Msun 
ü  Mass ratio :  0.8〜1.0 



M1 =1.4Msun M2 =1.3Msun

EOS : APR	density	

Hotokezaka et al. (2013) 

Numerical Relativity Simulation 
solving Einstein equation with fluid  

log(density g/cc)	

Numerical relativity computation.	
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FIG. 6: The evolution time scale of the system in the plane composed of EOSs and total mass. ⌧
dyn

: A black hole is formed
in the dynamical time scale after the onset of the merger. ⌧

hyd

: A HMNS is formed and its lifetime is determined by the
hydrodynamical angular-momentum transport time scale. ⌧

hyd,s: The same as for ⌧
hyd

but the lifetime is shorter than ⇠ 10ms.
⌧
mag

/⌧
cool

: A HMNS is formed and its lifetime would be determined by the time scale of angular-momentum transport by some
magnetohydrodynamics e↵ects or by the neutrino cooling time scale. The evolution time scale for a given total mass depends
weakly on the mass ratio. For MS1, only the MNS or SMNS is formed for m  2.9M�. For APR4 and Shen, the remnant for
the m <⇠ 2.6M� case is likely to be a SMNS (not HMNS).

B. Characteristic time scales

As their lifetime is tabulated in one of the columns of
Table II, HMNSs collapse to a black hole for several rel-
atively massive models. This collapse is triggered by the
angular-momentum loss by the gravitational-wave emis-
sion and by the angular-momentum transport process
from the inner region of the HMNS to its outer enve-
lope. The transport process can work because the HMNS
formed has a nonaxisymmetric structure and exerts the
torque to the envelope surrounding it, as already men-
tioned in Sec. II C. We note that the mass of the disk
surrounding the remnant black hole formed after the col-
lapse of the HMNS is in general larger for the longer
lifetime of the HMNS for a given EOS (see Table II).
In addition, the emissivity of gravitational waves is quite
low for not-young HMNS as shown in Sec. IV: This is be-
cause the degree of the nonaxisymmetry for the HMNS
decreases with time. These facts obviously show that
the hydrodynamical angular-momentum transport pro-
cess plays an essential role for the black hole formation.
Therefore, for the HMNS of lifetime ⇠ 10 – 50 ms, we con-
clude that the black hole formation is determined primar-
ily by the hydrodynamical angular-momentum transport
process, and write the time scale as ⌧

hyd

.
On the other hand, for less-massive HMNSs and

SMNSs, neither the emission of gravitational waves nor
the hydrodynamical e↵ect are likely to determine their
lifetime. For such systems, other dissipation processes
(which are not taken into account in our numerical sim-
ulations) will play an important role, and the evolution
proceeds with the dissipation time scale. If the system
is hypermassive and its degree of di↵erential rotation is

su�ciently high, the angular-momentum transport pro-
cess via magnetohydrodynamics e↵ects could trigger the
eventual collapse of the HMNS to a black hole (e.g., [39])
with a relatively short time scale ⌧

wind

or ⌧

mri

⇠ 100 ms
or less, which is comparable to ⌧

hyd

. If the degree of
di↵erential rotation is not high and the thermal e↵ect
plays an important role for sustaining the self-gravity of
the HMNS, neutrino cooling will play a dominant role
for determining the process toward the black-hole forma-
tion. According to [9, 10], the cooling time scale via the
neutrino emission is of order seconds (hereafter denoted
by ⌧

cool

), and hence, it is much longer than ⌧

hyd

. How-
ever, if the degree of di↵erential rotation is not high, ⌧

cool

could be shorter than ⌧

wind

and ⌧

mri

. Furthermore, if the
remnant mass is smaller than M

max,s(T > 0), the mag-
netic winding and MRI would not trigger the collapse
to a black hole. For such a system, the neutrino cooling
will trigger the collapse eventually. Our previous work [9]
suggests that this is likely to be the case.

For a smaller-mass system with M

max

<⇠ m

<⇠ M

max,s,
the remnant neutron star is not hypermassive, and it
evolves simply to a cold SMNS in ⌧

cool

. The cold SMNS
will collapse eventually to a black hole after its angular
momentum is dissipated by some process such as mag-
netic dipole radiation. For an even smaller-mass system
with m

<⇠ M

max

, the remnant neutron star is not supra-
massive , and it evolves simply to a cold neutron star in
⌧

cool

. This is the case for MS1 with m

<⇠ 2.8M�.
We may classify the remnant MNSs by its evolution

time scale. Figure 6 shows such a classification. In
this figure, ⌧

dyn

shows that a black hole is formed in
the dynamical time scale after the onset of the merger;
⌧

hyd

shows that a HMNS is formed and its lifetime is

First remnant of NS-NS mergers	
Hotokezaka et al. 2013 

Typical total mass 

radius	

Prompt BH 
Formation	

Hypermassive 
NS Formation	

Massive NS 
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 A massive neutron star is likely to be formed after a merger 
for a NS-NS merger with typical total mass. 

11km 	 14km 	
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FIG. 1. Comparison of numerical and EOB waveforms for the late inspiral phase up to the merger phase. Upper left, upper
right, lower left, and lower right panels show the results for SFHo, DD2, TMA, and TM1, respectively. Gravitational waves
observed along the rotational axis (perpendicular to the orbital plane) are shown. D denotes the distance from the source to
the observer.
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FIG. 2. Fourier power spectrum of the hybrid waveforms for
five different equations of state for an effective hypothetical
distance of Deff = 100Mpc. The dot-dot curve for the Ad-
vanced LIGO (aLIGO) denotes S1/2

n .

Deff = 200Mpc. This conclusion depends only weakly
on the choice of ff ≥ 1 kHz. This implies that for an
event of Deff = 200Mpc, two waveforms are marginally
distinguishable if δΛ ! 200. For ff = 2kHz, the values
of ||h1−h2|| are only slightly [by ∼ 0.2(Deff/200Mpc)−1]

larger that those for f = 1kHz. Hence, we confirm that
the measurability is determined primarily by the late in-
spiral waveform. By contrast, the values of ||h1−h2|| de-
pends strongly on the choice of fi, as already mentioned.
From this result, we reconfirm that the measurability of
the tidal effect is not only determined by the late inspiral
waveform but also by the relatively early one.
The neutron-star radius monotonically increases with

Λ. For the five equations of state employed in this paper,
the relation of 1.35M" neutron stars is written as

R1.35 = (13.565± 0.076) km

(

Λ

1000

)0.16735±0.0094

,(4.2)

where the errors for this fitting formula are at 1-σ level.
This indicates that the estimation error in R1.35 would
be

δR1.35 = (1.09± 0.06) km

(

R1.35

13 km

)(

δΛ

500

)(

Λ

1000

)−1

.

(4.3)

For stiff equations of state that yields a large neutron-
star radius of R1.35 ! 13.5km, i.e., Λ ! 1000, δΛ for two
slightly different equations of state can become larger
than ∼ 500 if the difference in R is larger than 1 km.
Thus, if the true equation of state is stiff, the equation of
state will be strongly constrained for an event of the ad-
vanced detectors at Deff = 200Mpc. By contrast, among

KH et al in prep	

A numerical waveform  
Is hybridized with an EOB 
waveform in the region from 
the first a few to 8 GW cycles. 	

Small NS	

We will probably be able to 
distinguish a neutron star with a  
radius of  13km and 14km for  an 
event with SNR~17 (200Mpc).	
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ü  Mass ejection from a merger 
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1.  Gravitational waves 
      LIGO’s main target 
 
 
 
 
 
2. Relativistic jet => short GRB  
 
3. Mass ejection. 
      (a) Isotropic electromagnetic signal 
                EM counterpart of  GWs 
 
      (b) r-process nucleosynthesis  
                 The origin of  heavy elements? 

Neutron Star Merger	
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is the feature only for the asymmetric binaries; the
amplitude of the quasiradial oscillation is larger for the
equal-mass binaries; a high-amplitude quasiradial oscil-
lation is a unique property found only for models with
APR4 (see Fig. 6). However, it is universal that the
HMNSs are rapidly rotating and nonaxisymmetric, irre-
spective of the EOS, total mass (m ! 2:8M"), and mass
ratio, as found in previous studies [17,24,25]. This rapid
rotation together with the nonaxisymmetric configuration

not only results in the emission of strong gravitational
waves but also is the key for an efficient mechanism of
angular momentum transport from the HMNS to the
surrounding material because the HMNS exerts the
torque.
Figures 3–5 indicate that there are two important pro-

cesses for the mass ejection. The first one is the heating by
shocks formed at the onset of the merger between the inner
surfaces of two neutron stars. Figures 7 and 8 display

FIG. 5 (color online). The same as Fig. 4 but for models H4-120150. tmerge # 8:8 ms for this model.

MASS EJECTION FROM THE MERGER OF BINARY . . . PHYSICAL REVIEW D 87, 024001 (2013)

024001-11



Mass ejection at merger	

300 km x 300 km                                 2400 km x 2400 km	

Model : 1.2Msun – 1.5Msun,  APR4	

log(density g/cc)	

Hotokezaka et al 2013	



300 km x 300 km                                 2400 km x 2400 km	

Model : 1.2Msun – 1.5Msun,  APR4	

log(density g/cc)	

Mass ejection : Mej 〜 0.01Msun, v 〜 0.2c	

Mass ejection at merger	



300 km x 150 km                                 2400 km x 1200 km	

Model : 1.2Msun – 1.5Msun,  APR4	

log(density g/cc)	

Mass ejection on the Meridional plane	
(x-z plane)	



300 km x 150 km                                 2400 km x 1200 km	

Model : 1.2Msun – 1.5Msun,  APR4	

log(density g/cc)	

Mass ejection on the Meridional plane	
(x-z plane)	

NS-NS Ejecta is spheroidal. 	



R-process and radioactive heating	

16	

Systematics of dynamical mass ejection, nucleosynthesis, and radioactively powered electromagnetic signals 13

ejecta mass as fraction of Mtot was proposed as a func-
tion of η = 1 − 4M1M2/(M1 + M2)2 in Korobkin et al.
(2012) and Rosswog (2012). Reviewing our data (even
without the prompt collapse cases) we find a more com-
plicated behavior and we can neither confirm the validity
of the suggested fit formula nor find a generalization of
it. This is not unexpected in view of the quantitative
and qualitative differences between Newtonian and rela-
tivistic simulations discussed above.

3.6. Folding with binary populations

The dependence of the ejecta mass on the binary pa-
rameters is essential to determine the total amount of
ejecta produced by the binary population within a cer-
tain time and thus to estimate the average amount of
ejecta per merger event. The properties of the NS binary
population are provided by theoretical binary evolution
models, which still contain considerable uncertainties in
many complexities of single star evolution and binary in-
teraction. Using the standard model of Dominik et al.
(2012) the folding of our results with the binary popu-
lation yields an average ejecta mass per merger event of
about 3.6 × 10−3 M" for the NL3 EoS, 3.2 × 10−3 M"

for the DD2 EoS, and 4.3×10−3 M" for the SFHO EoS.
Therefore, the ejecta masses of the 1.35-1.35 M" binary
mergers give numbers for the three cases which approxi-
mate the average amount of ejecta per merger event quite
well (within 70 per cent for NL3, 3 per cent for DD2, 11
per cent for SFHO). This finding is simply a consequence
of the fact that the binary distribution is strongly peaked
around nearly symmetric systems with Mtot ≈ 2.5 M"

so that the average ejecta mass is not sensitive to the
larger ejecta production of asymmetric systems in the
suppressed wings of the binary distribution.

4. NUCLEOSYNTHESIS

4.1. R-process abundances

The potential of NS mergers to produce heavy r-
process elements in their ejecta has been manifested
by several studies based on hydrodynamical simu-
lations (Freiburghaus et al. 1999; Metzger et al. 2010;
Roberts et al. 2011; Goriely et al. 2011; Korobkin et al.
2012). These investigations have considered only a few
high-density EoSs (two EoSs were used in Goriely et al.
(2011)). Since the NS EoS affects sensitively the dynam-
ics of NS mergers and thus the properties of the ejecta
(amount, expansion velocity, electron fraction, tempera-
ture), we explore here the influence of the NS EoS on the
r-process nucleosynthesis in a systematic way.
For a selected, representative set of EoSs we extract the

thermodynamical histories of fluid elements which get
gravitationally unbound. For these trajectories nuclear
network calculations were performed as in Goriely et al.
(2011), where details on the reaction network, the tem-
perature postprocessing and the density extrapolation
beyond the end of the hydrodynamical simulations can
be found. The reaction network includes all 5000 species
from protons up to Z=110 lying between the valley of β-
stability and the neutron-drip line. All fusion reactions
on light elements, as well as radiative neutron captures,
photodisintegrations, β-decays and fission processes are
included. The corresponding rates are based on experi-
mental data whenever available or on theoretical predic-
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Fig. 8.— Nuclear abundance pattern for the 1.35-1.35 M! merg-
ers with the NL3 (blue), DD2 (red) and SFHO (green) EoSs com-
pared to the solar r-process abundance distribution (black).
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Fig. 9.— Nuclear abundance pattern for the 1.2-1.5 M! mergers
with the NL3 (blue), DD2 (red) and SFHO (green) EoSs compared
to the solar r-process abundance distribution (black).

tions otherwise, as prescribed in the BRUSLIB nuclear
astrophysics library (Xu et al. 2013)
Figure 8 shows the final nuclear abundance patterns for

the 1.35-1.35 M" mergers described by the NL3 (blue),
DD2 (red) and SFHO (green) EoSs. For every model
about 200 trajectories were processed, which roughly cor-
respond to about one tenth of the total ejecta. Compar-
ing the final abundance distributions of the DD2 EoS for
about 200 and the full set of 1000 fluid-element histories
reveals a very good quantitative agreement, which proves
that a properly chosen sample of about 200 trajectories
is sufficient to be representative for the total amount of
unbound matter.
The scaled abundance patterns displayed in Fig. 8

match closely the solar r-process composition above mass
number A ≈ 140. In particular the third r-process peak
around A = 195 is robustly reproduced by all models.
Above mass number A ≈ 100 the results for the different
NS EoSs hardly differ. For all three displayed models
the peak around A ≈ 140 is produced by fission recy-
cling, which occurs when the nuclear flow reaches fis-
sioning nuclei around 280No at the end of the neutron
irradiation during the β-decay cascade. The exact shape
and location of this peak are therefore strongly affected
by the theoretical modeling of the fission processes (in-

Bauswein et al 2013 
see also Roberts et al 2011, Korobkin et al 2012, Wanajo 2014 
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Figure 2. Final abundance distribution from the fiducial model with Ye =
0.1 (Fig. 1), shown as the mass fraction versus mass number A. Measured
Solar system r-process abundances are shown for comparison with black
dots. They are arbitrarily normalized to the computed abundances for A =
195.

Figure 3. Total radioactive heating rate per unit mass Ė, calculated for
several values of the electron fraction Ye of the ejecta and for different
nuclear mass models (see text). Calculations employing the FRDM mass
model (Möller et al. 1995) are shown for Ye = 0.05 (triple dot–dashed line),
Ye = 0.1 (solid line), Ye = 0.2 (dotted line) and Ye = 0.3 (dot–dashed line).
A calculation employing the EFTSI-Q (Pearson et al. 1996) mass model is
shown for Ye = 0.2 (dashed line). Note that on time-scales of hours–days,
the radioactive heating rates in all models agree to within a factor of ∼4.

for ejecta with Ye = 0.05, 0.2 and 0.3 in comparison to the fiducial
model with Ye = 0.1. Although the heating rate for different values
of Ye differs substantially at early times (!10−4 d), Ė agrees be-
tween the models to better than a factor of ∼2 at the later times that
are the most important for transient EM emission.

Our results for Ė could in principle also be sensitive to the as-
sumed properties of the nuclei in the r-process path (e.g. masses and
neutron-capture cross-sections), which are uncertain and must be
obtained via theoretical modelling. In our fiducial model (Fig. 1) we
employ the FRDM model (Möller et al. 1995) for nuclear masses.
In order to explore the sensitivity of our results to the assumed nu-
clear physics, we also performed an otherwise identical calculation
using the ETFSI-Q mass model (Pearson et al. 1996), as shown in
Fig. 3 for Ye = 0.2. Although the two models again differ in their
early-time predictions for Ė, on time-scales "1 h they converge to
a heating rate within a factor of !4.

Finally, although the Lagrangian density trajectory ρ(t) that we
employ in our fiducial model formally corresponds to dynamically

ejected rather than wind-driven ejecta, both are likely present in
NS–NS/NS–BH mergers (see Section 2.1). Thus, we have also
performed an otherwise identical calculation, but instead using a
trajectory ρ(t) appropriate for (higher entropy) disc winds, simi-
lar to those studied in e.g. Arcones, Janka & Scheck (2007) (cf.
Metzger et al. 2008b; Surman et al. 2008). Although we do not
show our results explicitly in this case, we find that the heating
rate Ė decreases in a similar manner to the dynamically ejected
material on time-scales ∼1 d. However, the overall normalization
of Ė is smaller by a factor of ∼10 because in high-entropy winds
the mass fraction of heavy nuclei is reduced at the expense of a
higher α-particle fraction, which do not contribute to the heating
(Hoffman et al. 1997). Although some of the wind-driven material
in NS mergers may have high entropy (Metzger et al. 2008c; Surman
et al. 2008), most of the total mass ejected likely has low-modest
entropy (S ∼ 3–10 kb baryon−1; Metzger et al. 2009a). When cor-
recting our results for the higher mass fraction of heavy nuclei in a
lower entropy wind, we find that the heating rate Ė on time-scales
∼1 d in the wind ejecta agrees within a factor of ∼2 to that of the
dynamically ejected material.

To summarize, the heating rate for our fiducial model in Fig. 1
(which we employ throughout the remainder of the paper) appears
to be relatively insensitive to the precise trajectory and composition
of the ejecta, and to the uncertainties in the nuclear properties of the
unstable nuclei near the r-process path.

In order to understand why we find such a robust heating rate on
time-scales ∼1 d, it is first instructive to compare r-process ejecta
with that produced in Type Ia SNe. In Type Ia SNe, the ejected
material is processed through nuclear statistical equilibrium with
Ye ≈ 0.5. This favours the production of N = Z nuclei and, in
particular, 56Ni. The 56Ni nucleus (N = Z = 28) is produced in
high abundance both because 28 is a magic nucleon number and
because even–even (N = Z) nuclei have an additional binding en-
ergy, commonly known as the ‘Wigner energy’. At the high tem-
peratures at which 56Ni is produced, atoms are fully ionized and,
consequentially, 56Ni cannot decay by atomic electron capture. In
this case the half-life has been computed to be t1/2 ≈ 4 × 104 yr
by Fisker, Martı́nez-Pinedo & Langanke (1999). Once the temper-
ature decreases sufficiently that the inner K-shell orbit electrons
recombine, the decay proceeds at the laboratory measured rate
t1/2 % 6.075(10) d (da Cruz et al. 1992).

The situation is different for neutron-rich r-process ejecta. First,
r-process nuclei decay by β− and hence the half-life is unaffected
by the ionization state of the matter. Secondly, the r-process results
in a rather broad distribution of nuclei with mass number spanning
the range A ∼ 110–210. Because the nuclei produced in NS mergers
likely follow a distribution similar to their solar system abundances
(see Fig. 2), maxima will occur at the second (A ∼ 130) and third
(A ∼ 195) r-process peaks. The overall r-process abundances peak
in our calculations (as in the Solar system) near the second peak,
which is why second-peak nuclei dominate the β-decay heating rate
(see Table 1).

We argue below, however, that the energy generation rate Ė is
approximately independent of the precise distribution of heavy nu-
clei, provided that the heating is not dominated by a few decay
chains and that statistical arguments can be applied. This conclu-
sion is supported by our results in Fig. 3, which show that Ė is
relatively insensitive to the composition of the ejecta, despite the
fact that different electron fractions can result in rather different
abundance distributions. Perhaps most striking, the heating rate is
similar whether the second r-process peak is produced via the fis-
sion of nuclei near the magic neutron numbers N = 184 (A ∼ 280),

C© 2010 The Authors. Journal compilation C© 2010 RAS, MNRAS 406, 2650–2662

Metzger et al 2010	

ü  Almost all material is synthesized in heavy r-process elements.  
  1) Sum of  many radioactive nuclides => power law heating rate. 
  2) A large absorption coefficient of  atoms with high Z.	
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Fig. 8.— Expected observed ugrizJHK-band light curves (in AB magnitude) for model NSM-all and 4 realistic models. The distance
to the NS merger event is set to be 200 Mpc. K correction is taken into account with z = 0.05. Horizontal lines show typical limiting
magnitudes for wide-field telescopes (5σ with 10 min 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.
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Radiative Transfer Simulations for NS Merger Ejecta 9

 20

 21

 22

 23

 24

 25

 26

 27
 0  5  10  15  20

Ob
se

rve
d m

ag
nit

ud
e

Days after the merger

u band
200 Mpc

NSM-all
APR4 (soft)
H4 (stiff)

4m
8m

1.2 + 1.5
1.3 + 1.4

 20

 21

 22

 23

 24

 25

 26

 27
 0  5  10  15  20

Ob
se

rve
d m

ag
nit

ud
e

Days after the merger

g band
200 Mpc

1m

4m

8m

 20

 21

 22

 23

 24

 25

 26

 27
 0  5  10  15  20

Ob
se

rve
d m

ag
nit

ud
e

Days after the merger

r band
200 Mpc

1m

4m

8m

 20

 21

 22

 23

 24

 25

 26

 27
 0  5  10  15  20

Ob
se

rve
d m

ag
nit

ud
e

Days after the merger

i band
200 Mpc

1m

4m

8m

 20

 21

 22

 23

 24

 25

 26

 27
 0  5  10  15  20

Ob
se

rve
d m

ag
nit

ud
e

Days after the merger

z band
200 Mpc1m

4m

8m

 20

 21

 22

 23

 24

 25

 26

 27
 0  5  10  15  20

Ob
se

rve
d m

ag
nit

ud
e

Days after the merger

J band
200 Mpc

4m

space

 20

 21

 22

 23

 24

 25

 26

 27
 0  5  10  15  20

Ob
se

rve
d m

ag
nit

ud
e

Days after the merger

H band
200 Mpc

4m

space

 20

 21

 22

 23

 24

 25

 26

 27
 0  5  10  15  20

Ob
se

rve
d m

ag
nit

ud
e

Days after the merger

K band
200 Mpc

4m

space

Fig. 8.— Expected observed ugrizJHK-band light curves (in AB magnitude) for model NSM-all and 4 realistic models. The distance
to the NS merger event is set to be 200 Mpc. K correction is taken into account with z = 0.05. Horizontal lines show typical limiting
magnitudes for wide-field telescopes (5σ with 10 min 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
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Blue                                      Red                                        Infrared	

Red-IR bright transient with timescales of  days ~ a few weeks	

Tanaka & KH 2013 see also Barnes & Kasen 2013	



Discovery of Macronova (Kilonova)	
!   A novel discovery of a possible macronova associated with 

the short GRB 130603B (Tanvir et al. 2013; Berger et al. 2013) 
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Figure 1 HST imaging of the location of SGRB 130603B. The host is well resolved 

and displays a disturbed, late-type morphology.  The position (coordinates RAJ2000 = 11 

28 48.16, DecJ2000 = +17 04 18.2) at which the SGRB occurred (determined from 

ground-based imaging) is marked as a red circle, lying slightly off a tidally distorted 

spiral arm.  The left-hand panel shows the host and surrounding field from the higher 

resolution optical image. The next panels show in sequence the first epoch and second 

epoch imaging, and difference (upper row F606W/optical and lower row F160W/nIR).  

The difference images have been smoothed with a Gaussian of width similar to the psf, 

to enhance any point-source emission. Although the resolution of the nIR image is 

inferior to the optical, we clearly detect a transient point source, which is absent in the 

optical. 

 

9 days	 30 days	
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Figure 2 Optical, near infrared (left axis) and X-ray (right axis) light curves of 

SGRB 130603B. Upper limits are 2σ and error bars 1σ. The optical data (gri bands) 

have been interpolated to the F606W band and the nIR data to the F160W band using an 

average spectral energy distribution at ≈0.6 days (see Supplementary Information). HST 

epoch 1 points are bold symbols. The optical afterglow decays steeply after the first 

≈0.3 days, and is modelled here as a smoothly broken power-law (dashed blue line). We 

note that the complete absence of late-time optical emission also places a limit on any 

separate 56Ni driven decay component. The 0.3–10 keV X-ray data29 are also consistent 

with breaking to a similarly steep decay (the dashed black line shows the optical light 

curve simply rescaled to match the X-ray points in this time frame), although the source 

dropped below Swift sensitivity by ~48 hr post-burst. The key conclusion from this plot 

The observed data are consistent with the theoretical expectation. 
The estimated ejecta r-mass is 0.01 ~ 0.1 Msun. (Hotokezaka et al 2013) 
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Three Macronova/Kilonova candidates?	
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Figure 2 Optical, near infrared (left axis) and X-ray (right axis) light curves of 

SGRB 130603B. Upper limits are 2σ and error bars 1σ. The optical data (gri bands) 

have been interpolated to the F606W band and the nIR data to the F160W band using an 

average spectral energy distribution at ≈0.6 days (see Supplementary Information). HST 

epoch 1 points are bold symbols. The optical afterglow decays steeply after the first 

≈0.3 days, and is modelled here as a smoothly broken power-law (dashed blue line). We 

note that the complete absence of late-time optical emission also places a limit on any 

separate 56Ni driven decay component. The 0.3–10 keV X-ray data29 are also consistent 

with breaking to a similarly steep decay (the dashed black line shows the optical light 

curve simply rescaled to match the X-ray points in this time frame), although the source 

dropped below Swift sensitivity by ~48 hr post-burst. The key conclusion from this plot 
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FIG. 1: The afterglow emission, not corrected for the small amount of foreground and host extinction, of GRB 060614. Note
that the VLT V/I band data have been calibrated to the HST F606W/F814W filters with proper k−corrections (see the
Appendix). The VLT data (the circles) are canonical fireball afterglow emission while the HST F814W detection (marked
in the square) at t ∼ 13.6 day is significantly in excess of the same extrapolated power-law decline (see the residual), which
is at odds with the afterglow model. The F814W-band lightcurve of SN 2008ha expected at z = 0.125 is also presented for
comparison. The dashed lines are Macronova model light curves generated from numerical simulation [26] for the ejecta from
a black hole−neutron star merger.

a new component. Like in GRB 130603B this component was observed at one epoch only. After the subtraction of
the power-law decay component, the flux of the excess component decreased with time faster than t−3.2 for t > 13.6
days [33].
Shortly after the discovery of GRB 060614 it was speculated that it is powered by an “unusual” core collapse of a

massive star [2, 3]. We turn now to explore whether the F814W-band excess can be powered by a weak supernova.
Fig.2 depicts the color F606W−F814W of the excess component (we take F606W−F814W≈ 1.5 mag as a conservative
lower limit of the color of the “excess” component due to the lack of simultaneous excess in F606W-band) with that
of SN 2006aj [22], SN 2010bh [24] and SN 2008ha, an extremely dim event [23]. The excess component has a
much redder spectrum than the three supernovae. If the “excess component” was thermal it had a low effectively
temperature Teff < 3000 K to yield the very soft spectrum. Such unusually low effective temperature is also needed

No. 2, 2009 IMPLICATIONS OF A NAKED SHORT GRB DOMINATED BY EXTENDED EMISSION 1877

Figure 5. Ground-based and space-based images showing the evolution of the faint OT associated with GRB 080503. The transient peaked at about t = 1 d, shown
in an image from Gemini-North at left. Thereafter it faded rapidly and is barely detected in the first HST epoch in F606W only. Later observations failed to reveal a
galaxy coincident with the transient position. Two very faint nearby (but noncoincident) galaxies are designated “S1” and “S4.”
(A color version of this figure is available in the online journal.)
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Figure 6. X-ray and optical light curves of GRB 080503. The optical bands
have been shifted to the r band assuming an optical spectral index of β = 1.2;
the X-ray light curve has been shifted by a factor of 125 to match the optical
(corresponding to βOX = 0.75). The BAT light curve is extrapolated into the
X-ray band using the high-energy spectrum. 3σ upper limits are shown with
arrows.

At the location of the afterglow in our first-epoch F606W im-
age we found a faint point source, with a magnitude of F606W =
27.01 ± 0.20 after charge-transfer efficiency correction follow-
ing Dolphin (2000). Our other observations show no hint of any
emission from the afterglow or any host galaxy directly at its
position. We derived limits on any object at the GRB position
based on the scatter in a large number (∼100) of blank apertures
placed randomly in the region of GRB 080503. The limits for
each frame are shown in Table 2. In addition, a stacked frame
of all our F814W observations yields F814W > 27.3 mag. A
combination of all but our first-epoch F606W observations pro-
vides our deepest limit of F606W > 28.5 mag (3σ ), in a stacked
image with exposure time 13,200 s. Therefore any host galaxy
underlying GRB 080503 must be fainter than that reported for
any other short burst (Figure 7).

Although there is no galaxy directly at the GRB position,
there are faint galaxies close to this position which are plausible
hosts. In particular, our stacked image of all the F606W
observations shows a faint galaxy ∼0.′′8 from the afterglow
position, with F606W(AB) = 27.3 ± 0.2 mag (designated “S4”

in Figure 5). Although faint, this galaxy is clearly extended,
with its stellar field continuing to ∼0.′′3 from the GRB position.
(It is plausible that deeper observations or images in redder
wavebands may extend its disk further, but we have no evidence
that this is the case.) Additionally, there is a brighter galaxy
(“S1,” F606W ≈ 26.3 mag) ∼2′′ to the north of the afterglow
position, also visible in the Gemini images. Given the faintness
of these galaxies and the moderate offset from the afterglow
position, the probability of chance alignment is nontrivial (a
few percent, following Bloom et al. 2002), and we cannot make
firm statements about their association with GRB 080503.

The extremely deep limit on a host galaxy puts GRB 080503
in very rare company. Among short bursts, no comparably deep
limit exists for any previous event except GRB 061201, although
a study with deep HST imaging of short-burst hosts has yet to be
published. However, ground-based searches for hosts of other
SGRBs with subarcsecond positions have identified coincident
host galaxies in nine of 11 cases. The two exceptions are GRB
061201 (Stratta et al. 2007) and GRB 070809 (Perley et al.
2008); both of these appear at relatively small physical offset
from nearby spirals which have been claimed as host candidates.
Short GRB 070707 has a coincident host with R = 27.3 mag
(Piranomonte et al. 2008), about the same as the magnitude of
the nearest galaxy to the GRB 080503 OT position. In fact, even
compared with long bursts, the lack of host galaxy is unusual;
only five events have host-galaxy measurements or limits fainter
than 28.5 mag.

There are two general possibilities to explain this extreme
faintness. First, GRB 080503 could be at high redshift (z > 3),
or at moderately high redshift in a very underluminous galaxy
(at z ≈ 1, comparable to the highest-z SGRBs detected to
date, MB < −15 mag).23 A bright “short” GRB at very high
redshift would impose a much larger upper end of the luminosity
distribution of these events than is currently suspected. An
extremely underluminous host would also be surprising under
a model associating SGRBs with old stars, since the bulk of
the stellar mass at moderate redshifts is still in relatively large
galaxies (Faber et al. 2007).

23 GRB 080503 could also be at moderate redshift z = 1–3 in a moderately
large but extremely dusty galaxy. Even then, our K nondetection imposes
strong constraints on the size of the object, and the relatively blue g−r
afterglow color suggests that the environment of the GRB is not particularly
dust obscured.

GRB 130603B (Tanvir et al 2013)	 GRB 060614 (Yang et al 2015)	 GRB 080503 (Perley et al 2009	

Redshift is unknown	

1041erg/s at 7days                   1041erg/s at 13days  	



Macronova and Supernova	
Macronova 
(Neutron star merger)	

Supernova 
(Core collpase)	

Ejecta mass	

Radioactive mass	

Electron fraction	

Velocity	

Peak luminosity	

Peak time scale	

Peak wavelength	

Spectral feature	

0.001− 0.1Msun

0.001− 0.1Msun
0.05− 0.1Msun

1040 −1041erg / s 1042 −1043erg / s

~ week	 ~ month	

Near Infrared	 Optical	

0.01 – 0.4	 0.5	

1− 20Msun

(r-process)	 (Ni56, Co56)	

Smooth, perhaps  
wide-absorption lines 

Absorption & emission  
lines 

0.2c – 0.3c	 0.01c – 0.1c	



Mass ejection and the galactic rate	
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KH, Piran & Paul 2015	
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KH, Piran & Paul 2015	
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Event rate x Ejecra mass x Age of  the Galaxy = total r mass	



Compact binary Astrophysics	

!   Variation in Neutron Star Mergers 

 

!   EM transients from Neutron Star mergers 

!   244Pu and the origin of r-process elements 

            23	

ü  Mass ejection from a merger 
ü  What we can learn from macronova (kilonova) candidates 



The origin of heavy r-process elements	
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Average abundance offsets with respect to Arlandini et al. (1999) ‘‘stellar model’’

CS 22892-052: Sneden et al. (2003)

HD 115444: Westin et al. (2000) 

BD+17°324817: Cowan et al. (2002)

CS 31082-001: Hill et al. (2002)

HD 221170: Ivans et al. (2006)

HE 1523-0901: Frebel et al. (2007)

Individual stellar abundance offsets with respect to Simmerer et al. (2004)

Figure 11
(a) Comparisons of n-capture abundances in six r-process-rich Galactic halo stars with the Solar-system r-only abundance distribution.
The abundance data of all stars except CS 22892-052 have been vertically displaced downward for display purposes. The solid light
blue lines are the scaled r-only Solar-system elemental abundance curves (Simmerer et al. 2004, Cowan et al. 2006), normalized to the
Eu abundance of each star. (b) Difference plot showing the individual elemental abundance offsets; abundance differences are
normalized to zero at Eu (see Table 1 and Table 2) for each of the six stars with respect to the Solar-system r-process-only abundances.
Zero offset is indicated by the dashed horizontal line. Symbols for the stars are the same as in panel a. (c) Average stellar abundance
offsets. For individual stars all elemental abundances were first scaled to their Eu values, then averaged for all six stars, and finally
compared to the Solar-system r-only distribution.

262 Sneden · Cowan · Gallino

A
nn

u.
 R

ev
. A

st
ro

. A
st

ro
ph

ys
. 2

00
8.

46
:2

41
-2

88
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lre

vi
ew

s.o
rg

by
 H

eb
re

w
 U

ni
ve

rs
ity

 o
f J

er
us

al
em

 o
n 

05
/1

4/
14

. F
or

 p
er

so
na

l u
se

 o
nl

y.

Supernova vs NS merger 
 
Supernova: High rate/Low yield 
NS merger: Low rate/High yield 

R abundances (Z>50) of  halo metal poor stars 
⇒  Indistigushalble from the solar pattern 
⇒ A single kind of  phenomena may produce  
heavy elements. 	

Sneden et al 2008	
The origin is still a mystery.	



Short-lived 244Pu & the origin	

!   244Pu :  

   1) Produced only through the r-process, 

   2) the half-life is 81Myr, 

ü   short enough compared to the Earth’s age 4.6Gyr, 

ü   long enough to accrete on Earth from ISM. 

   3) the abundances at the present and Early Solar                 
System are measured. 

25	



Estimated 244Pu density	
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Deep-sea measurement

Early Solar System
1. Early Solar data 
Turner et al 2007 
(ancient rock) 
Lodders et al 2007 
(meteorite) 
 
2. Deep-sea data 
Wallner et al 2015 
sea crust & sediment 
for the last 25 Myr.	



Supernova vs Neutron Star merger	
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Normal core-collapse SNe                             Neutron Star Mergers 
=> High rate/low yield                                    => Low rate/high yield          	
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The diffusion timescale of the nuclei is determined by the
turnover timescale of the largest eddies (Pan & Scanna-
pieco 2010). The diffusion coefficient can be described as
D ≡ vtlmix/3 " α kpc2/Gyr (vt/7 km s−1)(H/0.2 kpc),
where vt is the typical turbulent velocity of the ISM,
lmix = 3αH is the turbulence mixing length and H is the
scale-height of the local ISM. Here we have introduced
a mixing length parameter α, choosing α = 0.1 as a ref-
erence value. A numerical simulation of the turbulent
mixing in the Galactic disk shows this level of efficiency
of the mixing (Yang & Krumholz 2012). Defining τmix
as the mean time between injection events at a given
location, (4πRτmix/3)−1/3 ≡ 2(Dτmix)1/2, we have:

τmix ≈ 300 Myr (R/10 Myr)−2/5(α/0.1)−3/5

(vt/7 km/s)−3/5(H/0.2 kpc)−3/5. (2)

The median number density2 of a short-lived radioac-
tive nuclide with a mean-life τi is:

〈ni〉m ≈ neq,i exp
(
−τmix

2τi

)
, (3)

where neq,i ≈ NiRτi is the equilibrium value and Ni is
the total number of the nuclide i ejected by each event.

For τi ' τmix, a typical observer measures neq,i.
For τi ( τmix, a typical observer measures a number
density much lower than neq,i and one needs a larger
yield to reach an observed value, interpreted here as the
median number density. Figure 1 depicts the needed
rate and yield so that the current 244Pu is the median
value for typical values of α, vt and H (see Eq. 2).
This relation (blue area in Fig. 1) becomes flatter than
R ∝ M−1

ej (Eq. 1, green band in Fig. 1) for decreasing
event rates breaking the rate-yield degeneracy.

5. MONTE-CARLO SIMULATION OF 244PU ABUNDANCE

In order to take into account the large fluctuation in
the measured number density averaged over timescales
shorter than τmix, we simulate the history of the 244Pu
abundance in the ISM around the solar circle over the
last 7 Gyr. We take into account the radioactive decay,
the turbulent diffusion process and the time evolution
of the production rate. The r-process events are gener-
ated randomly in a 4-dimensional box with dimensions
7 Gyr in time, 16.66π kpc in the x-direction (the circum-
ference of the solar circle), 2 kpc in the y-direction (the
width of the circle), and an exponential decay in the
z-direction (the height from the Galactic plane). The
events are distributed following the stellar mass distribu-
tion in the Galactic disk (McMillan 2011) and the red-
shift evolution following the SGRB rate (Wanderman &
Piran 2015) or the cosmic star formation history (Hop-
kins & Beacom 2006). Each event ejects a fixed amount
of r-process material heavier than A = 90 with the solar
abundance pattern (Goriely 1999; Lodders et al. 2009).
The number density of a radioactive nuclide at a given
time t and a point $r is computed by

ni(t,$r) =
∑

j∈t>tj

Ni

Kj(t)
exp

(
− |$r − $rj |2

4D∆tj
− ∆tj

τi

)
, (4)

2 The median rather than the average reflects the density that
a typical observer measures.

where $rj and tj are the location and time of an event
labeled by j, ∆tj ≡ t − tj , and

Kj(t) = min
{

(4πD∆tj)
3/2 , 8πHD∆tj

}
(5)

where the density evolution changes from the 3-
dimensional evolution to the 2-dimensional one appro-
priately. For 244Pu particles, the total number is given
by NPu = (244Pu/238U)0N238U

, where N238U
is the num-

ber of 238U particles and (244P/238U)0 is the initial pro-
duction ratio. This quantity depends on the details of
the ejecta properties as well as on the nuclear fission
model. In the context of cc-SNe, Cowan et al. (1987)
estimated that a ratio of 0.4 reproduces the solar abun-
dance pattern. For compact binary merger ejecta, Eich-
ler et al. (2015) computed a production ratio of 0.33.
Here we use (244Pu/238U)0 = 0.4.

We consider here a characteristic low-rate/high-yield
case of R0 = 5 Myr−1 following the SGRB rate evolu-
tion (Wanderman & Piran 2015) and a high-rate/low-
yield case of R0 = 300 Myr−1 following the cosmic star
formation history (Hopkins & Beacom 2006). Figure 2
shows the results. As expected the fluctuations of the
low-rate/high-yield case are much larger than those of
the high-rate/low-yield one. For both cases, the esti-
mated range of number densities around 4.6 Gyr BP are
consistent with the ESS values and they decrease with
time following the decreasing event rate. While for R0 =
5 Myr−1 the simulated values are also consistent with the
current deep-sea measurements, for R0 = 300 Myr−1 the
decline is insufficient even when taking the fluctuations
into account.

Figure 1 depicts upper and lower bounds on the event
rate which consistently explain the 244Pu abundance of
the ESS and the current ISM. The sources must satisfy
R0 ≤ 90 Myr−1 and Mej ≥ 0.001 M#. While these lim-
its vary somewhat with different assumed parameters,
the qualitative result that we reach is robust and inde-
pendent of these choices. We conclude that unless some
unknown process suppresses the present amount of 244Pu
that reaches Earth, the heavy r-process sources are dom-
inantly low-rate/high-yield ones.

The results should be compared with astronomical ob-
servations concerning the possible sources. The low rate
clearly rules out cc-SNe. The current 244Pu abundance
should be larger by a factor of 5 to 100 to be compati-
ble with a dominant cc-SNe source. Turning to compact
binary mergers Fig. 1 depicts also (i) the merger rate es-
timated from known Galactic binary neutron stars (Kim
et al. 2015) and from the current SGRB rate (Wander-
man & Piran 2015) and (ii) the ejected mass of r-process
elements estimated from macronova candidates associ-
ated with GRB 130603B (Tanvir et al. 2013; Berger et al.
2013) and with GRB 060614 (Yang et al. 2015) and theo-
retical ejecta mass estimates (Rossowg 2013; Hotokezaka
et al. 2013; Bauswein et al. 2013). Remarkably, the rates
and masses estimated here are fully consistent with those
observations. In fact most of the overlap between the al-
lowed 244Pu region and the overall r-process production
range is just in this part of the astrophysical parame-
ter phase space describing compact binary mergers and
macronova ejection estimates.

3

The diffusion timescale of the nuclei is determined by the
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pieco 2010). The diffusion coefficient can be described as
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lmix = 3αH is the turbulence mixing length and H is the
scale-height of the local ISM. Here we have introduced
a mixing length parameter α, choosing α = 0.1 as a ref-
erence value. A numerical simulation of the turbulent
mixing in the Galactic disk shows this level of efficiency
of the mixing (Yang & Krumholz 2012). Defining τmix
as the mean time between injection events at a given
location, (4πRτmix/3)−1/3 ≡ 2(Dτmix)1/2, we have:
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)
, (3)

where neq,i ≈ NiRτi is the equilibrium value and Ni is
the total number of the nuclide i ejected by each event.

For τi ' τmix, a typical observer measures neq,i.
For τi ( τmix, a typical observer measures a number
density much lower than neq,i and one needs a larger
yield to reach an observed value, interpreted here as the
median number density. Figure 1 depicts the needed
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value for typical values of α, vt and H (see Eq. 2).
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We perform a Monte-Carlo simulation of  Pu abundance taking  
 
(1) Turbulent diffusion process of  the ISM, 
(2) The event rate evolution follows:  
                  (a) short GRBs and (b) star formation history, 
(3) 244Pu decays with the half-life of  81Myr, 
 
into account. 
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FIG. 2: Time evolution of 244Pu number densities in the ISM on the solar circle. The solid red (blue) lines represent
the median number density and ±1σ fluctuations for R0 = 5 Myr−1 (R0 = 300 Myr−1). The lower square with an error
bar shows 244Pu density with 2σ limits inferred from the deep sea measurement (Wallner et al. 2015). The triangle at
4.6 Gyr BP shows the value at the time of the ESS (Turner et al. 2007; Lodders et al. 2009). The production rate of
244Pu follows the time evolution of the SGRB rate (Wanderman & Piran 2015) for R0 = 5 Myr−1 and the cosmic star
formation history (Hopkins & Beacom 2006) for R0 = 300 Myr−1. Also shown is an example of the time sequence of
244Pu number densities at a given location on the solar circle from a Monte-Carlo simulation for R0 = 5 Myr−1 (dotted
red line) and R0 = 300 Myr−1 (dotted blue line).

6. SENSITIVITY OF THE RESULTS TO THE CHOICE OF
PARAMETERS AND REDSHIFT EVOLUTION

Before proceeding to the conclusion, we show the sen-
sitivity of the results to the choice of parameters. Esti-
mates of the rates and yields involve two unknown pa-
rameters: a parameter ε and the mixing-length parame-
ter α (see Appendix for details of ε). The first, ε, intro-
duces the largest uncertainty in the results. For larger
values of ε, smaller yields are sufficient, as the depletion
of the current ISM 244Pu is more significant. Figure 3
shows the rate-yield estimates for ε = 0.01 (top panel)
and for 0.9 (bottom panel). For ε = 0.01, the estimated
rate is R0 < 7000 Myr−1 within the 2σ level. Even
though this rate is quite high it is still smaller than the
rate of normal cc-SNe by a factor of a few. For ε = 0.9,
the allowed event rate is small R0 < 7 Myr−1.

The rate-yield estimates with different choices of
α (0.3, 0.03, and 0.01) are shown in Fig. 4 and Fig. 5.
For α = 0.3 (top panel of Fig. 4), the mixing timescale
is shorter, implying that a single event can injects live

244Pu particles into a larger volume. As a result, observes
measure larger 244Pu densities and the allowed rate-yield
region in the figure shifts to the lower event rate com-
pared to those with α = 0.1. On the contrary, with a
smaller, α = 0.03 (bottom panel of Fig. 4) and 0.01 in
Fig. 5, higher rates and smaller yields are allowed. Al-
though the overlap region of the 244Pu measurements and
total mass of r-process elements depends on the value of ε
and α, the estimate ranges of the rate and yield are con-
sistent with those of compact binary mergers irrespec-
tive of the exact choice of these two parameters. Thus
we can generally conclude that the high-yield/small-rate
scenario, or more specifically the compact binary merger
scenario is preferred while the low-yield/high-rate sce-
nario, or more specifically the cc-SNe scenario, is ruled
out.

The time evolution of the mean abundance of 244Pu
and its fluctuations depend on the history of the pro-
duction rate. Figure 6 depicts the rate-yield results with
the production rate following the SGRB rate (top panel)
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FIG. 1: The heavy r-process event rate and the ejected mass. The diagonal green region expresses the degeneracy between
low-yield/high-rate and high-yield/low-rate corresponding to the total mass of (stable) r-process elements in the Galaxy, with
R0 = 〈R〉, 0.5〈R〉, and 0.2〈R〉 (see Eq. 1). The allowed region inferred from the 244Pu abundance in the deep-sea crust (Wallner
et al. 2015) and the ESS (Turner et al. 2007; Lodders et al. 2009) is shown as a blue band. The blue solid (dotted) line
corresponds to the current ISM 244Pu density being the median (2σ) value. The region above the dashed blue line is the allowed
region consistent with the ESS measurement (within 2σ fluctuations and taking into account that the rate at 4.6 Gyr BP can
be higher than R0 by up to a factor of 5). The current event rate estimated from binary neutron stars (Kim et al. 2015) and
SGRBs (Wanderman & Piran 2015) are shown as the region between the horizontal red lines. For SGRBs, we take an unknown
jet beaming factor in the range 10 − 70. The region between the horizontal dotted purple lines corresponds to the cc-SNe
event rate (Li et al. 2011). Macronova mass estimates (Rosswog 2013; Hotokezaka et al. 2013; Bauswein et al. 2013; Tanvir
et al. 2013; Berger et al. 2013; Yang et al. 2015) are between the vertical dark orange lines. The upper and lower horizontal
arrows show the LIGO/Virgo upper limit of the merger (Abadie et al. 2012) and the expected capability of the advanced
gravitational-wave detectors with 5 yr observations. The overlap region of the 244Pu measurements and the total amount of
heavy r-process element s is consistent with that of the compact binary merger scenario.

duced live radioactive 244Pu. Wallner et al. (2015) (see
also Paul et al. 2001) measured the accumulation of
244Pu in a deep-sea crust sample during the last 25 Myr
and estimated the 244Pu flux on the Earth’s orbit as
250+590

−205 cm−2 Myr−1, where the upper and lower values
correspond to 2σ limits1 . The corresponding mean num-
ber density of 244Pu in the ISM is 6×10−17 cm−3 and the
2σ upper limit is 2× 10−16 cm−3 (see Appendix). These
values are significantly lower than the number density
in the ISM determined from the ESS 244Pu abundance:
nPu ≈ (244Pu/238U)ESSYU, ESSnISM ∼ 6 × 10−15 cm−3.
The relative abundance ratio of (244Pu/238U)ESS ≈
0.008 is estimated from fissiogenic xenon in ESS mate-
rial (Turner et al. 2007). YU, ESS = 7.3 × 10−13 is the
number abundance of 238U relative to hydrogen inferred
from meteorites (Lodders et al. 2009) (corrected from
the present for 238U decay) and nISM is the mean num-

1 Wallner et al. (2015) analyze two samples, crust and sediment.
Here we focus on the crust sample that statistically dominates over
the sediment one and spans a longer accumulation time (see Ap-
pendix).

ber density of the ISM, which is typically ≈ 1 cm−3.

4. CHEMICAL MIXING PROCESSES AND MEDIAN 244PU
ABUNDANCE

The abundance of a radioactive nuclide at a given loca-
tion around the solar circle, r", depends on the event rate
density, R ≡ ρ∗(r", 0)R/M∗ ≈ 0.0015R Myr−1 kpc−3,
where ρ∗(r, z) is the stellar mass density in the disk,
r and z are the Galactic radius and height above the
Galactic plane, and M∗ is the total stellar mass in the
disk (McMillan 2011).

The abundance depends also on the mixing timescale.
Heavy nuclei ejected into the ISM are homogenized via
different processes on different timescales (Roy & Kunth
1995). Initially, the gas containing heavy nuclei expands
into the ISM as a blast wave until after a couple of
Myr (Cioffi et al. 1988), depending on the ejecta’s ki-
netic energy, initial velocity and external density. In
the literature, it has been often assumed that at this
stage the ejected material remains within this fluid ele-
ment, yielding a very slow process of mixing within the
galaxy. However, the ISM turbulence efficiently homog-
enizes the ejected material (Scalo & Elmegreen 2004).
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Summary & Conclusion	
!   A neutron star merger ejects a significant amount of mass. 

! Macronova (Kilonova) candidates are discovered and the 
estimated ejecta mass is ~ 0.01Msun ~ 0.1Msun 

!   We test high rate/low yield and low rate/high yield 
scenarios (Sne vs NS mergers) using the measured 244Pu 
data 

!   The estimated rate and yield are R< 100 Myr-1 & Mej 
>0.001 Msun . 

!   These are consistent with other astronomical observations 
of NS mergers.	
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