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Welcome to the YITP long-term workshop "Multi-Messenger Astrophysics in
the Gravitational Wave Era", September 24 - October 25 2019, at Yukawa
Institute for Theoretical Physics, Kyoto, Japan
We have entered a new era of astrophysics. From "multi-wavelength observation" in the 20th century,
the focus is shifting to "multi-messenger observation", in which gravitational waves play a key role.
Since the first detection of the gravitational waves by LIGO in 2015, the number of events is exploding.
More than five events of black hole mergers have been observed so far. On August 17, 2017, LIGO
and Virgo found a neutron star merger for the first time. Associated with this merger event GW170817,
a gamma ray burst was detected by Fermi/GBM, and various electromagnetic counterparts were also
observed in broad wavelengths from radio to X-ray. The multi-messenger astrophysics -- whose
prologue has actually started with the observation of SN 1987A -- is now entering the most exiting
chapters.

Yudai Suwa

（Kyoto Sangyo University & YITP）

These gravitational waves told us a lot of things. We have learned that 30 solar mass black hole binary
are common in our universe, and the two massive objects are in fact merging. The equation of state of
neutron stars are now under severe constraints put by data of the gravitationl waves. A connection
between a neutron star merger and short-gamma ray burst has been observed directly. Macronovae
(kilonovae) have clarified that binary neutron star mergers are one of the sites of r-process for heavy
elements. While excluding several theoretical models, these rapid progresses provide new enigmas
such as the origin of the black hole binaries, jet mechanism in neutron star mergers, diversity of
macronovae, etc. The frontier is now shifting to these issues.

collaboration with
T. Yoshida (Tokyo), M. Shibata (AEI&YITP), H. Umeda (Tokyo),
K. Takahashi (Bonn→AEI), K. Kashiyama (Tokyo)
Great progress has been made in other messengers too. Concerning high-energy neutrinos, the
number of events has steadily increased since the first observation of the PeV neutrinos by IceCube in
2011-2012. However, the whole picture of the source objects is yet to be established. As for highenergy gamma rays, CTA is going to observe its "first light" in 2018. Moreover, mysterious transients
such as fast radio bursts and superluminous supernovae have been found one after another in radio,
infrared and optical wavelengths, driving significant development in the time-domain astronomy. These
advancements are connected to the studies of cosmology, general relativity, particle and nuclear
physics.
Under these circumstances, we believe that it is timely to have comprehensive and intensive
discussions on the rapidly expanding frontiers of astrophysics by inviting leading experts in the world.
Topics covered by the workshop are as follows.

Kyoto Sangyo University（京都産業大学）
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GW170817: Death of neutron stars
LIGO-Virgo, PRL 119, 161101 (2017)
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erties of only very few of the young O stars in
our sample (see supplementary text A.2), our
derived distributions are a good representation
of the binary properties at birth. Thus, it is safe

Fraction of interacting binary is high

Downloaded from www.sciencemag.org o

e lower solid lines and associated dark blue areas indicate the most probable intrinsic
utions and their errors. The latter were obtained from a combination of the uncertainties
binary fraction and on the power-law exponents of the respective probability density
ys.
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DNS
In the Galaxy, seven systems are expected to merge
within cosmic age (~13.8Gyr=1.38x1010yr)
Merger time: 1.2x108yr (a0/1011cm)4(m/2.8M⊙)-3
→ a0<3x1011cm is needed for tmerge<13.8Gyr
NB) The distance of Sun-Earth is 1AU=1.5x1013cm, R⊙=7x1010cm

Massive stars forming close binary systems must have
experienced close binary interactions!
Do they make canonical supernovae? Probably, not.
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1. SNe in binary systems
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How to make close DNSs?: binary evolutions
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Ultra-stripped supernovae?

“We therefore suggest to define ultra-stripped SNe as
exploding stars whose progenitors are stripped more than
what is possible with a non-degenerate companion. In other
words, ultra-stripped SNe are exploding stars which contain
envelope masses <
~ 0.2 M⊙ and having a compact star
companion.”
see Thomas’s talk in YKIS19
http://www2.yukawa.kyoto-u.ac.jp/~mmgw2019/slide/3rd/Tauris.pdf

24/10/2019

Yudai Suwa @ MMGW19, YITP

8 /31

Ultra-stripped supernovae?
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Small ejecta mass
Tauris, Langer, Moriya, Podsiadlowski, Yoon, Blinnikov 2013
Mej
0.2M⊙
0.1M⊙

SN 2005ek
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Neutrino-driven explosions of ultra-stripped SN
[Suwa, Yoshida, Shibata, Umeda, Takahashi, MNRAS, 454, 3073 (2015)]

Ejecta mass~O(0.1)M−1
⊙, NS mass~1.4 M⊙, explosion energy~O(1050) erg, Ni
6. Specific entropy (in units of kB baryon ; left halves of the individual panels) and radial velocity (in units of 104 km s−1 ; right halves) profiles
-2) M⊙; everything compatible w/ Tauris+ 2013
mass~O(10
t panel),
200 (top-right), 250
(bottom-left), and 350 ms (bottom-right) after the bounce for model CO15. In the entropy plots, bluish (reddish)

nt small (large) entropy. In velocity plots, red region is expanding (positivesee
radial
velocity)
and blue
region
is accreting
(negative
velocity
also
Moriya
et al.
(2017),
B. Müller
etradial
al. (2018)
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Nucleosynthesis yields and light curves
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[Yoshida,
Suwa, Umeda, Shibata, Takahashi, MNRAS, 471, 4275 (2017)]
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in the SN ejecta of CO145 and CO15 models. Yields of some
from these elements is mainly the result of the difference in the 56 Ni
elements and isotopes ejected in CO145 and CO15 models
yield.
are listed in Table 3. General features are not diﬀerent beRecently, a variety of fast-decaying SNe have been found in
tween
CO145
and
CO15
models.
Elements
with
the
mass
of
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survey programs
for transient objects. Subluminous SNe have also
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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)

Piran & Shaviv 05

event rate (~0.1-1% of core-collapse SN) Tauris+13, 15, Drout+ 13, 14
SN surveys (e.g., HSC, PTF/ZTF, Pan-STARRS, and LSST) will give
constraint on rate
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Summary of Part1
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

Drout+ 13, Tauris+13

Eexp=O(1050) erg
Mej~O(0.1) M⊙
MNi~O(10-2)M⊙
MNS~1.2-1.4M⊙ (gravitational)
24/10/2019
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whereas the magenta points correspond to pseudo-bolometric luminosities
(12). The empty black circles indicate g-band luminosities obtained by
multiplying the g-band flux Fl with the wavelength l of the filter. The inverted

blackbody functions. (C) Best-fitting Arnett model of the pseudo-bolometric light
curve of the main (second) peak of iPTF 14gqr. The 56Ni mass MNi and diffusion time scale tM corresponding to the model are indicated in the legend (12).

Fig. 5. Comparison of iPTF 14gqr to theoretical models of
ultra-stripped SNe. (A) Bolometric light curve of iPTF 14gqr shown
with a composite light curve consisting of ultra-stripped type Ic SN
models (28) and early shock-cooling emission (25). The blue dashed
line corresponds to the 56Ni powered peak in the ultra-stripped SN
models for Mej¼ 0:2 M⊙, MNi ¼ 0:05 M⊙ , and EK = 2 × 1050 ergs; the
magenta line corresponds to the early shock-cooling emission; and the

orange line represents the total luminosity from the sum of the two
components. Blackbody (BB) luminosities represent the early emission,
whereas pseudo-bolometric (pB) luminosities are used for the second
peak (12). (B) Comparison of the peak photospheric spectra of iPTF
14gqr [the epoch is indicated by the cyan dashed line in (A)] to that
of the model in (A). The overall continuum shape, as well as absorption
features of O I, Ca II, Fe II, and Mg II, are reproduced (12).

iPTF 14gqr / SN2014ft

De et al., Science 362, 201–206 (2018)

24/10/2019

De et al. 2018
4 of 6

12 October 2018
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How to confirm binarity?: time variability
Farris et al.

n rate Ṁ through both black holes measured using two
top panel in blue, we plot Ṁ computed by measuring
ugh a surface at r = a. In the top panel in green, we plot
nd (16). In the bottom panel, we plot the corresponding
at measurements of Ṁ that are performed at r = a can
ity in the accretion rate.
figure is available in the online journal.)

(15) shortened by a factor of 100. From
ee that this shortens the accretion timescale
al timescale. Thus, any gas which is stripped
th the lump should accrete within one orbit
The Astrophysical Journal, 783:134 (12pp), 2014 March 10
to form a mini disk. Indeed, we see in
Figure 11. Snapshots of surface density Σ during quasi-steady state as in
apshot of the surface density in which the
Figure 3, except that the simulation was run with tvis shortened by a factor
pletely absent. This has the expected effect
of 100, restarting the q = 1 run at t = 370tbin and running for another 100
ccretion rate, as the buffering effect of the
orbits. By shortening tvis so that it is less than tbin , we find that “mini disks” are
no longer able to form. We have added black circles to represent the locations
nd the accretion variability is increased, as
of each BH.
. In this case, the frequency at ω/ωbin = 2
(A color version of this figure is available in the online journal.)
onding to the passage of the BHs past the
twice per orbit. We emphasize that although
vis here is artificial, it is not implausible
mescales could be realized in nature. As
significant heating of the mini disk, or a
erating a large effective viscosity inside the
antly shorten tvis . This underscores the need
nclude more sophisticated treatments of the
g processes that determine the temperature
well as precise treatments of viscosity that
gure 11. Snapshots of surface density Σ during quasi-steady state as in
udies
of MHD turbulence.
gure 3, except that the simulation was run with tvis shortened by a factor
atio,
we havethecomputed
100, restarting
q = 1 run the
at t torque
= 370tbindensity
and running for another 100
e definition
provided
in MM08,
bits.
By shortening
tvis so that
it is less than tbin , we find that “mini disks” are

Farris et al. 2014

longer able to form. We have added black circles to represent the locations
each BH.
color"version of this figure is available
# in the online journal.)

1
2π

2π

0

Σ(r, φ)

dΦ
(r, φ)rdφ ,
dφ

(31)

esults match those of MM08 very well for
ure 13). For lower mass ratios, we find that
d inward. This is consistent with the fact that

24/10/2019

Figure 12. Time variable accretion rates and periodograms as in Figure 9, except
that the simulation was run with tvis shortened by a factor of 100, restarting the
q = 1 run at t = 370tbin and running for another ∼100 orbits. In the absence
of any “mini disks” to act as buffers, absorbing infalling gas and delaying
accretion, the accretion shows much greater variability, and is dominated by the
ω/ωbin = 2 mode.
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2. Minimum NS mass in binary systems
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Pulsar number is increasing
pulsar

millisecond pulsar

24/10/2019

pulsar w/ presise mass

compiled data from ATNF pulsar catalog and P. Freire’s table
Yudai Suwa @ MMGW19, YITP
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>2700 pulsars have been found
in the Galaxy

The inferred mass distributions for the different populations of neutron stars.
Bursters

parameters for these distributions are the following: M 0 = 1.33 M⊙ and σ =
0.23 binary
M⊙ for the system
recycled NSs, and M 0 =
the DNSs, M 0 = 1.54 M
10%
in=the
⊙ and σ
σ =Slow
0.19 M⊙ for the slow pulsars. A recent study also raised the possibility of tw
pulsars
→mass
possible
the recycled MSP population,
with themeasurement
first peak at M = 1.39 M
⊙ and a dispersio
and a second peak appearing at M = 1.81 M⊙ with a dispersion of σ = 0.18 M
15 double NSs so far [Tauris+ 2017]
2.0 et al. 2016).
3.0
http://www3.mpifr-bonn.mpg.de/staff/pfreire/NS_masses.html
Among these inferred distributions, the narrowness of the DNS distributi
Yudai Suwa @ MMGW19, YITP
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Massive NSs tell us nuclear physics
Demorest+ 2010
2.5
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12. Özel, F., Psaltis, D., Ransom, S., Demo
Figure 3 | Neutron star mass–radius diagram. The plot shows non-rotating
J161422230: linking quantum chro
gravitational wave astronomy. Astrop
mass versus physical radius for several typical EOSs27: blue, nucleons; pink,
nucleons plus exotic matter; green, strange quark matter. The horizontal bands 13. Hobbs, G. B., Edwards, R. T. & Manch
package - I. An overview. Mon. Not. R
Yudai Suwa @ MMGW19, YITP
24/10/2019

<∞

AP3

1.

Mass (M()

←1.97±0.04M

show the observational constraint from our J1614-2230 mass measurement of

20 /31

How about low-mass one?
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First asymmetric DNS system
The Astrophysical Journal, 812:143 (8pp), 2015 October 20

Mp=1.559±0.005M⊙

Martinez
et al.
Martinez+
2015

Mc=1.174±0.004M⊙

Figure 3. Current constraints from the timing of PSR J0453+1559. Each triplet of lines corresponds to the nominal and ±1σ uncertainties of the post-Keplerian
parameters measured using the DDH model in TEMPO2 (see Table 2), which are the rate of advance of periastron ẇ , the orthometric ratio of the Shapiro delay ς, and the

24/10/2019
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3.2. Core Masses

A low-mass NS

Fig. 5 shows the helium, carbon-oxygen (CO), and
iron-core masses for all our presupernova models with
ṀN and ṀN /2. The dispersion in helium and CO
core masses for a given main sequence mass is small,
much
envelope
masses inferred mass, while baryonic mass is ~1.28M⊙)
it ‘s gravitational
⊙ (NB,
NSless than the hydrogen
in Fig. 3. This implies that the helium and CO core
masses are only slightly a↵ected by the assumed mass
loss rate and are probably not very sensitive to metallicity, at least for non-trivial values of metallicity. The
helium core mass as a function of main sequence mass is
1.27
approximately MHe ⇡ 6.46 (MZAMS /20)
which can
be combined with the previous relation in §3.1 to give
LpreSN ⇡ 6.5 ⇥ 1038 (MZAMS /20 M )1.92 ergs s 1 . Since
presupernova core compactness is chiefly a function of
helium core mass (Sukhbold & Woosley 2014), these results suggest a near universal dependence of presupernova core structure on initial mass, provided mass loss
Sukhbold+ 2018
does not remove the entire hydrogen envelope.
1.9
Iron core masses increase, on the average with increasing stellar mass reaching maximum of about 2.0 M for
1.8
the most massive stars studied (> 40 M ). Still larger
iron cores, up to about 2.5 M characterize more mas1.7
sive stars in the pulsational-pair instability range (70 140 M ; Woosley 2017). For stars below 23 M , the
1.6
Fe multi-valued for⊙ stars with
iron core mass is markedly
nearly the same initial mass. This reflects the operation
1.5
of multiple shells of carbon and oxygen burning as will
be discussed further in §4. The two major branches of
1.4
iron core masses below 20 M , which are most of the
stars that leave neutron star remnants might result in
bimodality in the neutron star mass function.
1.3

M =1.174M !

Is it a white dwarf? Maybe no

a large eccentricity (e=0.112) is difficult to explain by slow
evolution into a WD

a small iron core of massive star?
(typically M ~1.4–1.8M )

3.3. Core Structure
3.3.1. Measures of “Explodability”

Iron Core Mass [M ]

How to make it?

15
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ṀN
ṀN /2
35
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Fig. 5.— Helium core, CO core, and Fe core masses for all prebut
see also
Tauris
& Janka,
arXiv:1909.12318
supernova
stars
from
sets
with
Ṁ
and
ṀN /2. Despite significant
N
Early theoretical studies of supernovae noted a strong
variations
in mass loss (Fig. 3), the final helium and carbon-oxygen
Yudai Suwa @ MMGW19,
YITP
24/10/2019
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A path toward a low mass NS?: Ultra-stripped SN
Figure 7. Evolutions of the radius of shocks.

Tauris et al.

[Suwa+, MNRAS, 454, 3073 (2015); Yoshida+, MNRAS, 471, 4275 (2017)]
Tauris+ 2017

lower MC/O

MC/O=1.45M⊙
MC/O=2.0M⊙
Nucleosynthesis of ultra-stripped SNe

4279

-17

CO145
Figure 8. Time evolutions of PNS mass
(defined by ρ > 1011 g 42
cm−3 ).

Luminosity [erg s-1]

Absolute Magnitude

10
CO15
CO145: Ye-B
detailed nucleosynthesis calculation,
which is beyond the scope of
SN2005ek
this paper.
-15 The NS kick velocity is estimated by assuming the linear
-16

momentum conservation of the whole progenitor star, i.e. assuming
-14
41
that anisotropic
mass ejection leads to NS kick (e.g. Wongwatha10
narat, Janka & Müller 2013). The linear momentum of ejecta is
-13 by
calculated
!
ρvdV ,
(3)
P ej =-12
ρ<1011 g cm−3 ,vr >0

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 shortGRB.
Acronyms
usedofinelements
this ﬁgure—ZAMS:
main
sequence;
Figure
4. Abundance
ratios
in the ejecta zero-age
ofYudai
ultra-stripped
Type@
Suwa
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-11 Table 2. Summary of simulation results.
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When does a core collapse?
Mass

MChandra

collapse!

Mcore
Time till collapse
24/10/2019
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Modified Chandrasekhar mass
Chandrasekhar mass without temperature correction
Ye
MCh0(Ye) = 1.46M⊙
( 0.5 )

2

Chandrasekhar mass with temperature correction
2

se
MCh(T ) = MCh0(Ye) 1 +
( πYe )

−1/3
se = 0.5ρ10
(Ye /0.42)2/3TMeV

Baron+ 1990; Timmes+ 1996

To make a small core, low Ye and low entropy are necessary

24/10/2019
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Mch vs. Mcore
[Suwa, Yoshida, Shibata, Umeda, Takahashi, MNRAS, 481, 3305 (2018)]
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Explosion simulations and NS masses
Neutrino-radiation hydro. sim
Model

MCO (M⊙)

MZAMS (M⊙)

MNS,b (M⊙)

MNS,g (M⊙)

CO137

1.37

9.35

1.289

1.174

CO138

1.38

9.4

1.296

1.179

CO139

1.39

9.45

1.302

1.184

CO140

1.4

9.5

1.298

1.181

CO142

1.42

9.6

1.287

1.172

CO144

1.44

9.7

1.319

1.198

CO145

1.45

9.75

1.376

1.245

24/10/2019
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MNS,b-MNS,g=0.084M⊙(MNS,g/M⊙)2
(Lattimer & Prakash 2001)
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Discussion
MNS,b MNS,g
(M⊙)

(M⊙)
ONeMg core -> electron-capture SN

~1.32

~1.20

~1.28 ~1.17

see also talk by Philip
24/10/2019

Fe core -> core-collapse SN
~1.37
Yudai Suwa @ MMGW19, YITP

~1.42

MCO (M⊙)
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Summary
A low-mass NS of MNS,g=1.174M⊙ was found
Q: Is it possible to make such a low-mass NS with standard
modeling of SN?
A: Yes, it is.
The minimum mass is ~1.17M⊙.
If a new observation finds even lower mass NS, we cannot make
it. Something wrong.

24/10/2019

Yudai Suwa @ MMGW19, YITP

31 /31

