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Origin of r-process elements?

Some phenomena related to neutron star

Supernova Neutron star merger

(C) M. Weiss (C) NASA

~ 1 event per 100 yr in a galaxy

(R ~ 10-2 yr-1)

~ 1 event per 10,000 yr in a galaxy

(R ~ 10-4 yr-1)



Suwa et al. 2011



Sekiguchi+15, 16
M ~ 10-3 - 10-2 Msun


v ~ 0.1 - 0.2 c

Top view Side view

NS merger => mass ejection



=> “wind” from disk (~ 1 sec)
NS merger => dynamical mass ejection (< 0.1 sec)

Kiuchi+23
Density B field

General 

relativity
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Core-collapse supernova NS merger

M. Weiss NASA

Explosive phenomena around the neutron star

Very neutron richModerately neutron rich

Ye =
ne

np + nn
=

np

np + nn

Ye ~ 0.10  (nn ~ 9 np)Ye ~ 0.45  (nn ~ 1.2np)

nn = np 

for Ye = 0.50 



Why some material are ejected?

(NS has an extremely strong gravity!)



r-process in NS merger

(C) Nobuya Nishimura

Mass number

A = Z + N

s-process

r-process
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~40% ~40%~20%

Radioactively powered transients similar to SN (56Ni)

=> “kilonova”



Supernova vs NS merger

Supernova NS merger

Power source 56Ni r-process elements

Ejecta mass 1-10 Msun 0.01 Msun

Ejecta velocity 5,000-10,000 km/s 30,000-60,000 km/s 
(0.1c-0.2c)

Kinetic energy 1051 erg 1-5 x 1050 erg

Composition H, He, C, O, Ca, 
Fe-group r-process elements



Supernova and kilonova
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How to find NS merger??

(C) LIGO/T. Pyle

Gravitational waves!



What is the expected amplitude of GW waves?



Visualization of GWs



Sensitivity of GW detectors

https://gwosc.org/O3/o3speclines/



The first GW detection

(GW150914)

LIGO Scientific Collaboration 

and Virgo Collaboration, 2016, PRL, 061102

Merger of binary black hole





“Galactic worms”
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GALACTIC LONGITUDE 
Fig. 1.—The median-filtered H i, 100 /mi, and 408 MHz map (from top to bottom) of the Galactic plane. 
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Gravitational wave



The first GW detection

From NS merger (GW170817)

LIGO Scientific Collaboration 

and Virgo Collaboration, 2017, PRL

2

gests a BNS as the source of the gravitational-wave sig-
nal, as the total masses of known BNS systems are be-
tween 2.57M� and 2.88M�, with components between
1.17 and ⇠1.6M� [47]. Neutron stars in general have pre-
cisely measured masses as large as 2.01 ± 0.04M� [48],
whereas stellar-mass black holes found in binaries in our
galaxy have masses substantially greater than the compo-
nents of GW170817 [49–51].

Gravitational-wave observations alone are able to mea-
sure the masses of the two objects and set a lower limit
on their compactness, but the results presented here do not
exclude objects more compact than neutron stars such as
quark stars, black holes or more exotic objects [52–56].
The detection of GRB 170817A and subsequent electro-
magnetic emission demonstrates the presence of matter.
Moreover, although a neutron star–black hole system is not
ruled out, the consistency of the mass estimates with the
dynamically measured masses of known neutron stars in
binaries, and their inconsistency with the masses of known
black holes in galactic binary systems, suggests the source
was composed of two neutron stars.

DATA

At the time of GW170817, the Advanced LIGO detec-
tors and the Advanced Virgo detector were in observing
mode. The maximum distances at which LIGO-Livingston
and LIGO-Hanford could detect a BNS system (SNR = 8),
known as the detector horizon [58–60], were 218 Mpc and
107 Mpc, while for Virgo the horizon was 58 Mpc. The
GEO600 detector [61] was also operating at the time, but
its sensitivity was insufficient to contribute to the analysis
of the inspiral. The configuration of the detectors at the
time of GW170817 is summarized in [29].

A time-frequency representation [57] of the data from
all three detectors around the time of the signal is shown in
Figure 1. The signal is clearly visible in the LIGO-Hanford
and LIGO-Livingston data. The signal is not visible in the
Virgo data due to the lower BNS horizon and the direction
of the source with respect to the detector’s antenna pattern.

Figure 1 illustrates the data as it was analyzed to deter-
mine astrophysical source properties. After data collection,
several independently-measured terrestrial contributions to
the detector noise were subtracted from the LIGO data us-
ing Wiener filtering [66], as described in [67–70]. This
subtraction removed calibration lines and 60 Hz AC power
mains harmonics from both LIGO data streams. The sen-
sitivity of the LIGO-Hanford was particularly improved by
the subtraction of laser pointing noise; several broad peaks
in the 150–800 Hz region were effectively removed, in-
creasing the BNS horizon of that detector by 26%.

Additionally, a short instrumental noise transient ap-
peared in the LIGO-Livingston detector 1.1 s before the
coalescence time of GW170817 as shown in Figure 2.
This transient noise, or glitch [71], produced a very brief

FIG. 1. Time-frequency representations [57] of data containing
the gravitational-wave event GW170817, observed by the LIGO-
Hanford (top), LIGO-Livingston (middle), and Virgo (bottom)
detectors. Times are shown relative to August 17, 2017 12:41:04
UTC. The amplitude scale in each detector is normalized to that
detector’s noise amplitude spectral density. In the LIGO data, in-
dependently observable noise sources and a glitch that occurred
in the LIGO-Livingston detector have been subtracted, as de-
scribed in the text. This noise mitigation is the same as that used
for the results presented in the Source Properties section.

(less than 5 ms) saturation in the digital-to-analog con-
verter of the feedback signal controlling the position of the
test masses. Similar glitches are registered roughly once
every few hours in each of the LIGO detectors with no
temporal correlation between the LIGO sites. Their cause
remains unknown. To mitigate the effect on the results
presented in the Detection section, the search analyses ap-
plied a window function to zero out the data around the
glitch [64, 72], following the treatment of other high am-
plitude glitches used in the O1 analysis [73]. To accurately
determine the properties of GW170817 (as reported in the
Source Properties section) in addition to the noise subtrac-
tion described above, the glitch was modeled with a time-
frequency wavelet reconstruction [65] and subtracted from
the data, as shown in Figure 2.



Movie: Utsumi, MT+17, Tominaga, MT+18Coulter+17, Soares-Santos+17, Valenti+17, 

Arcavi+17, Tanvir+17, Lipunov+17

Search for electromagnetic (EM) counterpart



Optical (z)  near IR (H)  near IR (Ks)

EM counterpart of GW170817 @ 40 Mpc 

= “Kilonova”

Utsumi, MT+17

Day 1 Day 7

Mej ~ 0.05 Msun

Enough to explain the total mass of r-process elements


 (if R ~ 10-4 yr-1 Gal-1)



Supernova and kilonova

Kilonova
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Many open issues

• Physical origin of the ejecta


• Dynamical ejecta and disk ejecta?


• Production rate


• Event rate? => more GW events


• Are kilonova (mass ejection) always the same?


• Elemental abundances


• Which elements are produced?


• How massive elements? Fission?


• Similar to solar abundance ratios? 



GW190425: 2nd NS merger event

to 23.5 days. Even though the FAR estimation of single-detector
candidates is challenging (Callister et al. 2017), the matched-filter
pipelines are capable of identifying loud single-detector events.
GW170817 (Abbott et al. 2017b) was initially identified by
GSTLAL as a single-detector event. To further establish the
significance of GW190425, it was compared against the 169.5
days of background from O1 and O2 and 50 days of background
from O3 in the BNS part of the parameter space, and found to be
louder than any background event. The BNS region is defined as
the parameter space with component masses between 1 and 3 M:.
The results of this background analysis from the GSTLAL search
are shown in Figure 1, which shows the combined S/N–x2 noise
probability density function for LHO, LLO, and Virgo. The
S/N–x2 distributions from O1 and O2 are taken from the analysis
performed for GWTC-1 (Abbott et al. 2019c), while the S/N–x2

distributions from O3 come from the low-latency search. The
S/N–x2 background distributions are a subset of the parameters
that factor in the calculation of the log-likelihood ratio, which is
the detection statistic used by the GSTLAL search. These
background distributions allow us to include the S/N–x2

information from all the triggers, and not just the trigger in
question while assigning the detection statistic. Events with low
S/Ns and accidentally small residuals would be disfavored by the
signal model, which also factors in the log-likelihood ratio.

As seen in Figure 1, there is no background recorded at the
GW190425 parameters in all the data searched over until now.
Thus, despite the caveats associated with finding signals in a
single detector, GW190425 is a highly significant event that
stands out above all background. In Appendix B we also show
the results from the PYCBC.

We sent out an alert ∼43 min after the trigger (LIGO
Scientific Collaboration & Virgo Collaboration 2019a), which
included a sky map computed using a rapid Bayesian algorithm
(Singer & Price 2016). We assigned GW190425 a >99%
probability of belonging to the BNS source category. The
initial sky map had a 90% credible region of 10,200 deg2.
Although data from both LLO and Virgo were used to

constrain the sky location, it extended over a large area due to
the fact that the signal was only observed with high confidence
in a single observatory. Gravitational-wave localization relies
predominantly on measuring the time delay between observa-
tories. However, in this case it is primarily the observed stain
amplitude that localizes the signal, with the more likely parts of
the sky being dominated by positions where the the antenna
response of LLO is favorable.
We generated an improved sky map using a Bayesian

analysis that sampled over all binary system parameters (see
Section 4), producing a 90% credible sky area of 8284 deg2 and
a distance constrained to -

+159 Mpc71
69 . This sky map, and the

initial low-latency map, are shown in Figure 2. As a
comparison, GW170817 was localized to within 28 deg2 at a
90% credible level. The broad probability region in the sky
map for this event presented a significant challenge for follow-
up searches for electromagnetic counterparts. At the time of
writing, no clear detection of a counterpart has been reported in
coincidence with GW190425 (e.g., Coughlin et al. 2019;
Hosseinzadeh et al. 2019; Lundquist et al. 2019, but also see
Pozanenko et al. 2019), although a wide range of searches for
coincident electromagnetic or neutrino signals have been
performed and reported in the GCN Circular archive.203

4. Source Properties

We have inferred the parameters of the GW190425 source
using a coherent analysis of the data from LLO and Virgo (in
the frequency range 19.4–2048 Hz) following the methodology
described in AppendixB of Abbott et al. (2019c).204 The low-
frequency cutoff of 19.4 Hz was chosen such that the signal
was in-band for the 128 s of data chosen for analysis. In this
frequency range there were ∼3900 phase cycles before merger.
We cleaned the data from LLO to remove lines from

calibration and from known environmental artifacts (Davis
et al. 2019; Driggers et al. 2019). For Virgo, we used the low-
latency data. The LLO data were subsequently pre-processed
(Cornish & Littenberg 2015; Pankow et al. 2018) to remove the
noise transient discussed in Section 2. Details of the transient
model and the data analyzed can be found in Abbott et al.
(2019b). The results have been verified to be robust to this
glitch removal by comparing the analysis of the pre-processed

Figure 1. Combined S/N–x2 noise probability density function for LHO, LLO,
and Virgo in the BNS region, computed by adding the normalized 2D
histograms of background triggers in the S/N–x S N2 2 plane from the three
detectors. The gold star indicates GW190425. There is no background present
at the position of GW190425; it stands out above all of the background
recorded in the Advanced LIGO and Virgo detectors in the first three observing
runs. The background contains 169.5 days of data from O1 and O2 and the first
50 days of O3, at times when any of the detectors were operating. For
comparison the LLO and LHO triggers for GW170817 are also shown in the
plot as blue and red diamonds, respectively.

Figure 2. Sky map for GW190425. The shaded patch is the sky map obtained
from the Bayesian parameter estimation code LALINFERENCE (Veitch et al. 2015)
(see Section 4) with the 90% confidence region bounded by the thin dotted
contour. The thick solid contour shows the 90% confidence region from the low-
latency sky localization algorithm BAYESTAR (Singer & Price 2016).

203 All GCN Circulars related to this event are archived athttps://gcn.gsfc.
nasa.gov/other/S190425z.gcn3.
204 From here on, we will use GW190425 to refer to the gravitational-wave
signal and as shorthand for the system that produced the signal.
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5. Astrophysical Implications

The component masses of GW190425 are consistent with mass
measurements of NSs in binary systems (Antoniadis et al. 2016;
Alsing et al. 2018) as well as expected NS masses in supernova
explosion simulations (Woosley et al. 2002; Burrows et al. 2019;
Ebinger et al. 2019a, 2019b). Taking a fiducial range of NS
masses between 1.2 and M2.3 :, our low-spin posteriors are
entirely consistent with both objects being NSs, while there is
~25% of posterior support for component masses outside this
range given the high-spin prior. The lower end of this fiducial
range corresponds to the lowest precisely measured NS mass,

o M1.174 0.004 : for the companion of PSR J0453+1559 in
Martinez et al. (2015) (see Tauris & Janka 2019 for an alternative
white-dwarf interpretation). It is also difficult to form light NSs
with masses below ~ M1.2 : in current supernova explosion
simulations (Burrows et al. 2019; Müller et al. 2019). The upper
end is based on the highest precise NS mass measurement of

-
+ M2.14 0.18

0.20
: (95% credibility interval) for PSR J0740+6620 in

Cromartie et al. (2019; see also Abbott et al. 2020 for a discussion
of NS upper mass bounds).

Here we discuss the implications for the GW190425 system
origin assuming it consists of a pair of NSs. Under this
assumption, we have calculated the astrophysical rate of merger
when including GW190425. We also briefly discuss the
possibility of the system containing BH components.

5.1. Possible System Origins

Currently there are 17 known Galactic BNSs with total mass
measurements, ranging from 2.50 to M2.89 ;: 12 of them have
masses measured for both components, implying chirp masses
from 1.12 to M1.24 : (see Table 1 in Farrow et al. 2019 and
references therein for details). In order to quantify how
different the source of GW190425 is from the observed
Galactic population, we fit the total masses of the 10 binaries
that are expected to merge within a Hubble time with a normal
distribution. This results in a mean of M2.69 : and a standard
deviation of M0.12 :. With a total mass of -

+ M3.4 0.1
0.3

:,
GW190425 lies five standard deviations away from the known
Galactic population mean (see Figure 5).205 A similar ( s25 )
deviation is found if we compare its chirp mass to those of
Galactic BNSs. This may indicate that GW190425 formed
differently than known Galactic BNSs.

There are two canonical formation channels for BNS systems:
the isolated binary evolution channel (Flannery & van den
Heuvel 1975; Massevitch et al. 1976; Smarr & Blandford 1976;
for reviews see Kalogera et al. 2007; Postnov & Yungelson 2014),
and the dynamical formation channel (see Phinney & Sigurdsson
1991; Prince et al. 1991; Grindlay et al. 2006; Lee et al. 2010; Ye
et al. 2019, and references therein). The former is the standard
formation channel for Galactic-field BNSs (e.g., Tauris et al.
2017), in which the two NSs are formed in a sequence of
supernova explosions that occur in an isolated binary.

Assuming a formation through the standard channel,
GW190425 might suggest a population of BNSs formed in
ultra-tight orbits with sub-hour orbital periods. Such binaries are
effectively invisible in current radio pulsar surveys due to severe
Doppler smearing (Cameron et al. 2018) and short inspiral times

(10 Myr), but have been predicted to exist in theoretical studies
(e.g., Belczynski et al. 2002; Dewi & Pols 2003; Ivanova et al.
2003), and possibly with a comparable formation rate to the
currently observed Galactic sample (Vigna-Gómez et al. 2018).
The formation of GW190425ʼs source might have involved a
phase of stable or unstable mass transfer from a post-helium main-
sequence star onto the NS. If the mass ratio between the helium-
star donor and the NS were high enough, the mass transfer would
be dynamically unstable and lead to a Case BB common-envelope
phase that could significantly shrink the binary orbit to sub-hour
periods (Ivanova et al. 2003; Tauris et al. 2017). If it is possible for
a binary to survive this common envelope phase, the high mass of
GW190425 may be indicative of this formation pathway, since a
more massive helium-star progenitor of the second-born NS would
be required for a common envelope to form. In this process the
secondary would likely be ultra-stripped, and so the subsequent
supernova kick may be suppressed (Tauris et al. 2015). The small
supernova kick, combined with the very tight orbital separation,
will increase the probability that the binary remained bound
following the supernova that formed the BNS. Additionally, the
high mass of GW190425 may point to its NSs being born from
low-metallicity stars (e.g., Ebinger et al. 2019b). Giacobbo &
Mapelli (2018) showed that BNSs with total masses of 3.2–3.5 M:
can be formed from isolated binaries provided that the metallicity
is relatively low (∼5%–10% solar metallicity). Athough not
obviously related to scenarios discussed here, the high-mass X-ray
binary Vela X-1 contains an NS with varying mass estimates from
1.5 up to M2.1 : (Barziv et al. 2001; Quaintrell et al. 2003;
Falanga et al. 2015; Giménez-García et al. 2016) in a nine day orbit
with a ~ M22 : supergiant star companion. Though it is unlikely
that the Vela X-1 system will survive a future common envelope
phase (Belczynski et al. 2012), if it does survive the supergiant will
eventually undergo core collapse forming an NS or BH, potentially
leading to a high-mass BNS similar to GW190425. The existence
of a fast-merging channel for the formation of BNSs could be
detected by future space-based gravitational-wave detectors
(Andrews et al. 2019; Lau et al. 2020).
An alternative way to make the GW190425 system is to have

the stellar companion of a massive NS replaced with another NS
through a dynamical encounter. Observations of millisecond
pulsars in globular clusters have found evidence of massive NSs

Figure 5. Total system masses for GW190425 under different spin priors, and
those for the 10 Galactic BNSs from Farrow et al. (2019) that are expected to
merge within a Hubble time. The distribution of the total masses of the latter is
shown and fit using a normal distribution shown by the dashed black curve.
The green curves are for individual Galactic BNS total mass distributions
rescaled to the same ordinate axis height of 1.

205 PSR J2222−0137, with a mass of o M1.76 0.06 :, is also in a high-mass
binary (with = om M3.05 0.09tot :, 3σ higher than the mean of the Galactic
BNS population, Cognard et al. 2017); however, the secondary is believed to
be a white dwarf rather than an NS.
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Total NS mass ~ 3.4 Msun Abbott+2020

~10,000 deg2

Diversity in neutron star masses

=> diversity in mass ejection

No kilonova… (d ~150 Mpc)

27



Schedule of GW observations

https://observing.docs.ligo.org/plan/

GW 170817

GW 190425 we are here



• NS merger


• Ejection of material by tidal disruption  
(+ ejection from accretion disk)


• r-process => radioactive decay => kilonova


• Observations of GW sources


• Kilonova is observed


• Production rate fulfills the necessary condition


• Future


• Identification of elements or abundance pattern


• Understanding the variety (production rate)


• More events with better localization

Summary


