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GW170817: Death of neutron stars
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© NASA

LIGO-Virgo, PRL 119, 161101 (2017)
primary MNS=1.36-1.60M⊙ (low-spin) 

secondary MNS=1.17-1.36M⊙ (low-spin) 
Event rate=1540+3200-1220 Gpc-3 yr-1 

(~ 1% of SN rate)

Figure 2. Timeline of the discovery of GW170817, GRB 170817A, SSS17a/AT 2017gfo, and the follow-up observations are shown by messenger and wavelength
relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger. First, the shaded dashes represent the times when
information was reported in a GCN Circular. The names of the relevant instruments, facilities, or observing teams are collected at the beginning of the row. Second,
representative observations (see Table 1) in each band are shown as solid circles with their areas approximately scaled by brightness; the solid lines indicate when the
source was detectable by at least one telescope. Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray, and
radio bands. They are respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Section 2.1), the
Fermi-GBM and INTEGRAL/SPI-ACS lightcurves matched in time resolution and phase (see Section 2.2), 1 5×1 5 postage stamps extracted from the initial six
observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 days; Buckley et al. 2017; McCully et al. 2017b), ESO-NTT (at
tc+1.4 days; Smartt et al. 2017), the SOAR 4 m telescope (at tc+1.4 days; Nicholl et al. 2017d), and ESO-VLT-XShooter (at tc+2.4 days; Smartt et al. 2017) as
described in Section 2.3, and the first X-ray and radio detections of the same source by Chandra (see Section 3.3) and JVLA (see Section 3.4). In order to show
representative spectral energy distributions, each spectrum is normalized to its maximum and shifted arbitrarily along the linear y-axis (no absolute scale). The high
background in the SALT spectrum below 4500Å prevents the identification of spectral features in this band (for details McCully et al. 2017b).
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see also many talks on Friday
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2017 is memorial year for NS

0 year from GW170817 observation (NS death) [LIGO-Virgo] 

30 years from SN1987A observation (possible NS birth) 
[Kamiokande+] 

50 years from pulsar discovery (NS confirmation) [Hewish-Bell] 

43 years from discovery of binary neutron stars [Hulse-Taylor] 
83 years from theoretical prediction of neutron star [Baade-Zwicky] 
85 years from discovery of neutron [Chadwick] 
97 years from theoretical prediction of neutron [Rutherford]
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Binary evolutions

Until double NSs  form, 
There are two SNe 
first one may be usual (type-
Ibc or type II) 
second one explodes after 
close binary interactions, e.g. 
common envelope phase (if 
they are close enough) 

How does a second SN 
look like? Is there any 
difference from normal 
SNe?
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1.4. Résumé of DNS Formation

Previous theoretical works on the physics of DNS formation
includes (here disregarding general population synthesis studies)
Bisnovatyi-Kogan & Komberg (1974), Wheeler et al. (1974),
Flannery & van den Heuvel (1975), Srinivasan & van den Heuvel
(1982), van den Heuvel (1994), Ivanova et al. (2003), Dewi &
Pols (2003), Podsiadlowski et al. (2004), van den Heuvel (2004),
and Dewi et al. (2005). From these papers, a standard scenario12

has emerged (e.g., Bhattacharya & van den Heuvel 1991; Tauris
& van den Heuvel 2006), which we now summarize in more
detail.

In Figure 1, we show an illustration of the formation of a DNS
system. The initial system contains a pair of OB-stars that are
massive enough13 to terminate their lives in a core-collapse SN
(CCSN). To enable the formation of a tight DNS system in the end,
the two stars must initially be in a binary system close enough to
ensure interactions via either stable or unstable mass transfer. If the
binary system remains bound after the first SN explosion (which is
of Type Ib/c; Yoon et al. 2010), the system eventually becomes
observable as a HMXB. Before this stage, the system may also be
detectable as a radio pulsar orbiting an OB-star, e.g., as in
PSRsB1259−63 (Johnston et al. 1992) and J0045−7319 (Kaspi
et al. 1994). When the secondary star expands and initiates full-
blown Roche-lobe overflow (RLO) during the HMXB stage, the
system eventually becomes dynamically unstable. For wide
systems, where the donor star has a deep convective envelope at
the onset of mass transfer (i.e., during the so-called Case B RLO,
following the termination of core hydrogen burning), the timescale
on which the system becomes dynamically unstable might be as
short as a few 100yr (Savonije 1978). This leads to the formation
of a CE (Paczyński 1976), where the dynamical friction of the
motion of the NS inside the giant star’s envelope often causes

extreme loss of orbital angular momentum and (in some cases)
ejection of the hydrogen-rich envelope. If the binary system
survives the CE phase, it consists of a NS orbiting a helium star
(the naked core of the former giant star). Depending on the orbital
separation and the mass of the helium star, an additional phase of
mass transfer (Case BB RLO; Habets 1986; Tauris et al. 2015)may
be initiated. This stage of mass transfer is important since it enables
a relatively long phase of accretion onto the NS, whereby the NS is
recycled, and it allows for extreme stripping of the helium star prior
to its explosion (as a so-called ultra-stripped SN; Tauris et al. 2013,
2015; Suwa et al. 2015; Moriya et al. 2017). Whether or not the
system survives the second SN depends on the orbital separation
and the kick imparted onto the newborn NS (Flannery & van den
Heuvel 1975; Hills 1983; Tauris & Takens 1998). As we shall
argue in this paper, we expect most systems to survive the second
SN explosion. If the post-SN orbital period is short enough (and
especially if the eccentricity is large), the DNS system will
eventually merge due to GW radiation and produce a strong high-
frequency GW signal and possibly a shortGRB (e.g., Eichler et al.
1989). The final remnant is most likely a BH, although, depending
on the EoS, a NS (or, at least, a metastable NS) may be left behind
instead (Vietri & Stella 1998).

1.5. Major Uncertainties in DNS Formation

Aside from the pre-HMXB evolution, which is discussed in
Section 3.1, the most important and uncertain aspects of our
current understanding of DNS formation are related to

Table 1
Observed Ranges of Key Properties of DNS Systems

Properties of Recycled (Old) NSs:
Spin period, P 23 185 ms–
Period derivative, Ṗ 0.027 18 10 s s18 1´ - -( – )
Surface dipole B-field, B 0.29 18 10 G9´( – )
Mass, MNS,1 1.32–1.56 Me

a

Properties of Young NSs:
Spin period, P 144 2773 ms–
Period derivative, Ṗ 0.89 20 10 s s15 1´ - -( – )
Surface dipole B-field, B 2.7 5.3 10 G11´( – )
Mass, MNS,2 M1.17 1.39 :–

Orbital Properties:
Orbital period, Porb 0.10 45 days–
Eccentricity, e 0.085 0.83–
Merger time, gwrt 86 Myr l ¥
Systemic velocity, vsys 25 240 km s 1-–

Note. Data taken from the ATNF Pulsar Catalogue (Manchester et al. 2005)—
see Table 2 for further details. Only DNS systems in the Galactic disk are
listed. The systemic recoil velocity, v vsys

LSR= , is quoted with respect to the
local standard of rest (Section 2.2).
a 1.32 Me Mark an upper limit to the lowest mass of the first-born NS.

Figure 1. Illustration of the formation of a DNS system that merges within a
Hubble time and produces a single BH, following a powerful burst of GWs and
a shortGRB. Acronyms used in this figure—ZAMS: zero-age main sequence;
RLO: Roche-lobe overflow (mass transfer); He-star: helium star; SN:
supernova; NS: neutron star; HMXB: high-mass X-ray binary; CE: common
envelope; BH: black hole.

12 See brief discussion given in Section 4.2 for an alternative “double core
scenario” (Brown 1995; Dewi et al. 2006) in which CE evolution with a NS is
avoided.
13 The secondary (initially less massive) star may be a M5 7 :– star which
accretes mass from the primary (initially more massive) star to reach the
threshold limit for core collapse at M8 12~ :– (Jones et al. 2013; Woosley &
Heger 2015; see also Section 3.1).
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Ultra-stripped supernovae?
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ultra-stripped SN 
Mej~0.1M⊙

see also talks by Fox, Szalai
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Small ejecta mass
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Tauris+ 2013

Mej

0.2M⊙

0.1M⊙

SN 2005ek

see also posters by De, Moriya
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Stellar evolution code for massive stars 

Nucleosynthesis and energy generation 
network with ~300 species 

Initial condition 
bare CO cores (mimicking mass loss) 

composition: central abundance of massive stars just after He burning 

XC(C) = 0.33 - 0.36 

MCO=1.45, 1.5, 1.6, 1.8 and 2.0 M⊙

Stellar evolution calculations-1: setups
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Stellar evolution calculations-2: results
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[Suwa, Yoshida, Shibata, Umeda, Takahashi, MNRAS, 454, 3073 (2015)]
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2D (axial symmetry) (ZEUS-2D; Stone & Norman 92) 

MPI+OpenMP hybrid parallelized 

Hydrodynamics+spectral neutrino transfer  
(neutrino-radiation hydrodynamics) 

Isotropic diffusion source approximation (IDSA) for neutrino transfer  
(Liebendörfer+ 09) 

Ray-by-ray plus approximation for multi-D transfer (Buras+ 06) 

EOS: Lattimer-Swesty (K=180,220,375MeV) / H. Shen

Explosion simulations-1: setups

9

See 
  Suwa et al., PASJ, 62, L49 (2010) 
  Suwa et al., ApJ, 738, 165 (2011) 
  Suwa et al., ApJ, 764, 99 (2013) 
  Suwa, PASJ, 66, L1 (2014) 
  Suwa et al., MNRAS, 454, 3073(2015) 
  Suwa et al., ApJ, 816, 43 (2016) 
for more details
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Explosion simulations-2: movie
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entropy [kB/baryon] |v|/c

see also talk by Murphy

MCO=1.45 M⊙
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Explosion simulations-3: results
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ALL models explode 

Final NS mass ~1.35-1.6M⊙ (baryonic) 

　　　　　　~1.24-1.44M⊙ (gravitational) 

Ejecta mass=MCO-MNS ~ O(0.1)M⊙ 

Explosion energy ~O(1050) erg 

Ni mass ~O(10-2)M⊙

Tauris+ 2013

[Suwa, Yoshida, Shibata, Umeda, Takahashi, MNRAS, 454, 3073 (2015)]
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Nucleosynthesis yields and light curves
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NB) This is one-zone model based on Arnett (1982). 
   Detailed radiation transfer calculations will be done.

Nucleosynthesis before neutron star mergers 3

Table 2. 1651 nuclear species adopted in the nuclear reaction
network. Isomeric state of 26Al is taken into account.

Element A Element A Element A

n 1 Ca 33–62 Zr 76–120
H 1–3 Sc 36–64 Nb 80–124
He 3,4,6 Ti 37–68 Mo 81–127
Li 6–9 V 40–71 Tc 84–128
Be 7,9–12 Cr 42–75 Ru 85–129
B 8,10–14 Mn 44–77 Rh 88–130
C 9–18 Fe 45–79 Pd 89–132
N 12–21 Co 47–81 Ag 92–133
O 13–22 Ni 48–83 Cd 94–135
F 17–26 Cu 51–86 In 97–136
Ne 17–29 Zn 52–88 Sn 99–137
Na 18–32 Ga 56–92 Sb 100–138
Mg 19–36 Ge 58–95 Te 114–139
Al 21–40 As 61–98 I 121–141
Si 22–43 Se 62–100 Xe 122–142
P 23–45 Br 66–102 Cs 125–143
S 24–49 Kr 67–107 Ba 126–143
Cl 28–51 Rb 70–110 La 131–143
Ar 29–55 Sr 71–113 Ce 132–143
K 32–58 Y 74–116

3 EXPLOSIVE NUCLEOSYNTHESIS IN THE
ULTRA-STRIPPED SUPERNOVAE

We calculate the explosive nucleosynthesis in the SN ejecta
of CO145 and CO15 models using thermal history of 9968
and 8875 traced fluid particles having positive energy and
positive radial velocity. We use the nuclear reaction network
consisting of 1651 nuclear species listed in Table 2. We deter-
mine the nuclear species to cover the nuclear flow in the fluid
particles having the smallest and largest Ye values using the
reaction network of 5406 nuclear species (Fujibayashi et al.
2015).

We set three cases of initial conditions of the particles
depending on the maximum temperature. For particles of
which temperature exceeds 9× 109 K, we calculate the nu-
cleosynthesis from the time when the temperature decreases
to 9× 109 K. The initial composition is set as the compo-
sition in nuclear statistical equilibrium (NSE) with the Ye
value calculated in the hydrodynamics simulation. For par-
ticles with the maximum temperature of (7–9) ×109 K, we
calculate from the time at the maximum temperature with
the NSE initial composition. For other particles, we calcu-
late the nucleosynthesis from the initial time of the hydrody-
namics simulation with the composition in the O/Ne layer.
We calculate the nucleosynthesis until the temperature de-
creases to 107 K. During the time after the termination of
the hydrodynamics calculation, we pursue the radial motion
and thermal evolution assuming adiabatic expansion with
the constant velocity at the termination of the hydrody-
namics calculation. We take into account the ν-process in a
simple manner. The neutrino luminosity is assumed to de-
crease exponentially with time of τν = 3 s (Woosley et al.
1990). The total neutrino energy is set to be 3× 1053 erg
and are equipartitioned to each flavor. The neutrino energy
distribution obeys the Fermi-Dirac distribution with tem-
peratures (Tνe ,Tν̄e ,Tνµ ,τ ,ν̄µ ,τ ) = (4 MeV, 4 MeV, 6 MeV) and
zero chemical potentials (Yoshida et al. 2008).

Figure 2 shows the mass fraction distribution of isotopes
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Figure 2. Mass fraction distribution of isotopes in the ejecta of
ultra-stripped Type Ic SNe. Panels (a) and (b) indicate CO145
and CO15 models, respectively. Red and black lines correspond
to odd-Z and even-Z isotopes.

in the SN ejecta of CO145 and CO15 models. Yields of some
elements and isotopes ejected in CO145 and CO15 models
are listed in Table 3. General features are not different be-
tween CO145 and CO15 models. Elements with the mass of
A<∼90 are broadly produced with the mass fractions up to
0.3. Elements with 90<∼A<∼130 are also produced but their
mass fractions decrease with mass number.

Most of C, O, and intermediate nuclei with A<∼40 are
mainly unburned or synthesized through explosive O burn-
ing. Light iron peak elements, Ti, V, and Cr, are produced in
neutron rich (Ye<∼0.40) materials. Mn and Fe are produced

through explosive Si burning. The 56Ni yield is 9.73× 10−3

and 5.72× 10−3 M⊙ in CO145 and CO15 models, respec-
tively. These values are smaller than the expectation in
Suwa et al. (2015). Some of the materials that experienced
higher than 5×109 K have become neutron rich and are syn-
thesized to be lighter and heavier elements. Heavy neutron-
rich isotopes of A ∼ 60−90 are also produced in the neutrino
irradiated winds containing neutron rich materials.

We consider the contribution to the solar-system com-
position. Figure 3 shows the elemental abundance ratios to
the solar-system composition. The 1st peak r-elements such
as As–Sr indicate large abundance ratios, more than 10%
of the largest abundance ratio. The element of the largest

MNRAS 000, 1–6 (2016)

Nucleosynthesis of ultra-stripped SNe 4279

Figure 4. Abundance ratios of elements in the ejecta of ultra-stripped Type
Ic SNe to the solar abundance. The red and black lines denote the ratios
of the CO145 and CO15 models, respectively. The dashed lines denote the
maximum ratios and the ratios of the 10 per cent of the maximum ratios.

Figure 5. Abundance ratios of isotopes in the ejecta of the (a) CO145 and
(b) CO15 model to the solar abundance. The red and black lines correspond
to odd-Z and even-Z nuclei. The green-hatched region denotes the range of
the abundance ratio between the maximum and one-tenth of that.

is ignored, the peak luminosity is approximately halved. The main
energy source other than 56Ni and 56Co is 57Ni and 66Cu for the
CO145 and the CO15 model, respectively. The decay time of the
luminosity from these elements is about 4 and 8 d in the CO145 and
the CO15 model, respectively. The difference of the contribution

-17

-16

-15

-14

-13

-12

-11
 0  5  10  15  20  25  30  35  40

1040

1041

1042

Ab
so

lut
e M

ag
nit

ud
e Luminosity [erg s -1]

Days since explosion

CO145
CO15

CO145: Ye-B
SN2005ek

Figure 6. Light-curves of the ultra-stripped Type Ic SNe. The red and blue
curves denote the CO145 and CO15 models, respectively. The circles denote
the light-curve of SN 2005ek. The orange dashed line denotes the CO145
Ye-B model (see Section 4.2).

from these elements is mainly the result of the difference in the 56Ni
yield.

Recently, a variety of fast-decaying SNe have been found in
survey programs for transient objects. Subluminous SNe have also
been observed as Types Ia and Ib/c SNe (e.g. Foley et al. 2013;
Drout et al. 2014). Some subluminous fast-decaying SNe could be
ultra-stripped SNe. These observed SNe showed spectral features
different from those of normal Types Ia and Ib/c SNe. The ejecta of
the ultra-stripped SNe in our models indicate a higher abundance
ratio of intermediate elements to oxygen compared with the case
for more massive CO cores. These compositional differences could
give distinctive spectral features. The identification of ultra-stripped
SNe from Type I SNe is important for the evaluation of the ultra-
stripped SN rate. Future observations of ultra-stripped SNe could
constrain the rates of ultra-stripped SNe.

We note, as pointed out in Suwa et al. (2015), that it is safe to
consider that our results give a lower limit of the explosion energy
of an ultra-stripped SN. In the case of a stronger explosion of an
ultra-stripped SN, the ejected 56Ni mass could be larger. If so, ultra-
stripped SNe could be observed as fast-decaying SNe such as the
Type Ic SN 2005ek. We also note that the 56Ni mass would be
underestimated because of the missing proton-rich component in
the neutrino-irradiated ejecta. This will be discussed in Section 4.2.

4.2 Uncertainties of the yield of light trans-iron elements in
ultra-stripped SN models

We obtained light trans-iron elements in the ultra-stripped SN mod-
els. However, the production efficiency of the elements depends
on the Ye distribution of the SN ejecta, which in turn depends on
the detailed treatment of neutrino transport. Indeed, Müller (2016)
showed that an approximate treatment of neutrino transport intro-
duces a broader Ye distribution than in a more stringent model
including sophisticated microphysics. On the other hand, an update
of the code can even lead to a smaller Ye distribution. For instance,
an ECSN simulation performed by the Garching group with an up-
dated code showed a smaller minimum value of Ye (0.34) than the
previous result (0.404; Wanajo et al. 2011) (Janka 2016, private

MNRAS 471, 4275–4285 (2017)

[Yoshida, Suwa, Umeda, Shibata, Takahashi, MNRAS, 471, 4275 (2017)]
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Implications
small kick velocity due to small ejecta mass 

small eccentricity (e~0.1), compatible with binary pulsars 
J0737-3039 (e=0.088 now and ~0.11 at birth of second NS) 

event rate (~0.1-1% of core-collapse SN) 
SN surveys (e.g., HSC, PTF, Pan-STARRS, and LSST) will give 
constraint on ultra-stripped SN rate 
Is it compatible to DNS merger rate(, which will be more precise 
in LIGO-Virgo O3 run)?
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Summary

Ultra-stripped SN might be second explosion in close 
binary forming double NSs 
To test this conjecture, we performed 

stellar evolution calculations of bare C/O cores 
hydrodynamics simulations for neutrino-driven explosions 

Compatible with parameters explaining observations 
Eexp=O(1050) erg 

Mej~O(0.1) M⊙ 
MNi~O(10-2)M⊙ 
MNS~1.2-1.4M⊙ (gravitational)
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Drout+ 13, Tauris+13

See 
Suwa, Yoshida, Shibata, Umeda, Takahashi 
MNRAS, 454, 3073 (2015) 
Yoshida, Suwa, Umeda, Shibata, Takahashi 
MNRAS, 471, 4275 (2017) 
for more details


