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Introduction



Compact Binary

« A compact binary: A binary system composed of

compact objects, such as a black hole (BH),
a neutron star (NS), (and/or a white dwarf)



Black hole

« Aregion of the space-time where
anything, including lights, can not
escape for its strong gravity.

The surface of the region is called
the Event horizon.

« Black hole can have only three physical
parameters;

The mass,
spin angular momentum,

and charge.
For astronomical situations, the charge
is consider to be neutralized.

ref) U. Kraus (2014)



Neutron star

« A neutron staris an extremely dense
star formed as the result of the
collapse of a massive star.

« Most of them are observed as pulsars,
which are rapidly rotating, highly
magnetized neutron stars,
emitting a strong beams.

« 1-2Msun, typically ~¥1.4 Msun, ~10 km

ref) http://essayweb.net/



http://essayweb.net/

NS equation of state (EoS)

« The NS radius / maximum NS mass
is sensitive to the equation of state
(EoS) of NS, which is still not
comprehended yet.

« Precise measurement of the
NS radius / maximum NS mass
provides us the information of the
NS EoS.
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- Gravitational waves are the ripples

- The binary system composed of

Gravitational waves (GWs)

of curvature that propagate at the
speed of light, and their existence
Is predicted by general relativity.

compact objects, such as NS-NS,
BH-NS and BH-BH binary, are
the efficient sources of
gravitational waves.

http://www.amnh.org/
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http://www.amnh.org/

Compact binary mergers

« Compact binaries efficiently emit gravitational waves shrinking their
orbital separation, and the objects eventually merge

— compact binary mergers

« Gravitational waveform from a binary merger contains
rich physical information of the source
(masses, spins, distance, inclination, etc...)
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Gravitational waves from
a compact binary merger (leading order)

Kepler’s law
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PostNewtonian expansion

PostNewtonian expansion:
A(z) =
_ olehny
h = Ae o
dt

PostNewtonian Parameter:

%Note that amplitude factors depend
on the inclination angle
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OPN: chirp mass: M enirp = mn>/5
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1PN: symmetric mass: n = (11 + m3)?
Si
1.5PN: spin: Xi = 02
SPN: tidal deformability: A



Detecting gravitational waves

« Gravitational waves are detected by measuring
the change of the distance by laser interferometer

Polarizations of GW
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Gravitational wave detectors

advanced LIGO
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« GW sources for ground-based GW detectors =

 Compact binary mergers
Core collapse Super Novae

Rotating Neutron stars
Primordial GW (Inflation)

Cosmic Strings

http://www.virgo-w.eu/ http://gwcenter.icrr.u-tokyo.ac.jp/



http://gwcenter.icrr.u-tokyo.ac.jp/
http://www.virgo-gw.eu/

Gravitational wave events

Compact binary mergers are among

the main targets of ground-based
gravitational-wave detectors, - GW150914 (The first GW event)

Hanford, Washington (H1) Livingston, Louisiana (L1)
such as LIGO, Virgo, and KAGRA | | | | ' ' '

Since 14th of September 2015,
many GW events have been detected

Strain (1072%)

Binary BH (BBH: BH-BH)

Ref: B.P.Abbot et al. 201
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Parameter estimation
(intuitive picture)

Ref: Gravitational Wave Open Science Center (https://www.youtube.com/watch?v=fiQtwPn6kfw)

« Physical information is extracted from the signal
by the comparison with theoretical waveform templates


https://www.youtube.com/watch?v=fiQtwPn6kfw

Parameter estimation
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NS binary mergers

NS Binary




General picture

Inspiral Merger Post-Merger
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General picture

Inspiral Merger Post-Merger




Inspiral phase:
Tidal deformation

« Gravitational waveform from a binary
merger contains
rich physical information of the source
(masses, spins, distance, inclination, etc...)
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* In particular, if the binary contains a NS, Tidal deformation
the information of the internal structure
of the NS can be extracted

« During the inspiral, a NS is deformed by Tldal
the tidal force of the companion object. A(I) ( )
Deformation of a NS (s) accelerates the
orbital shrinking, and modifies
gravitational waveforms

Modification in the GW phase

19



Tidal deformability
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* From the observed waveforms, the tidal deformability of a NS can be extracted

« The tidal deformability reflects the internal structure of a NS, and its measurement

can be used to constrain the NS equation of state (EOS)
20



Effect of tidal deformation

tidal correction

dx
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GW templates for NS binaries

« Physical information is extracted from observed gravitational ref) De et al. 2018
waves by the comparison with theoretical templates 1.00!
— an accurate waveform templates are crucial for 20_75.
parameter estimation 5 0.50]
%0.25-
* The waveforms including the tidal effects are analytically .00l —
derived by post-Newtonian (PN) calculation 10* 10° 10°
(and by the Effective-One-Body formalism) 1.004
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1 PN (Vines et al. 2011)

2.5 PN (Damour et al. 2012)

Self force informed resum. (Bernuzzi et al. 2015, 2018) 1.00!
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* Tidal effects become significant in the last part of the
inspiral. However, the model based on PN calculation
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Prediction by numerical simulations is important for modeling the tidal correction
(at least needed to be checked)



Numerical Relativity simulations

* Numerical-relativity (NR) simulation is the unique phase at the time of the peak amplitude
method to predict dynamics and gravitational waves 121-151 M sun
in the late inspiral & merger phase. Y oy Ty

3 L 125H: Ap(N=182)= 031 [rad].p=27 ©

s | TR

Einstein’s equation Euler equation < P B: MNV—182= 021 [rad].p=33  ©

(G £ 2t
my — py il
G = c—4T;u/ Vu(put) =0 V,T* =0 2 us|
Equation of state (EOS)  xpejther MHD nor neutrino radiation = o5 | e
P = P(p) are not considered in these simulations 069
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 Performing high-resolution NR simulations, Ref: Kiuchi et al. 2017 KK et al. 2018

waveforms calculation with sub-radian phase

errors are achieved. % 1'? 3

.

* The phase difference larger than ’5.“: O‘Z

~1 rad is found between recent TEOB waveforms & 05 |
(SEOBNRV2T) and NR results for the case that A~850 _ 015

T o

« See also Dietrich et al. 2016, Foucart et al. 2018, = 005

Haas et al. 2016 for recent high precision NR 0t

simulations for NS binary mergers 03



NS-NS waveform model

0.1 , , . ,

« Based on our latest numerical-relativity waveforms,
a waveform model for NS-NS mergers is derived
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« A NS-NS GW model is also derived in Dietrich et al.
2017, 2019 based on different NR waveforms and
TidalEOB waveforms
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Comparison with Dietrich et al. 2017,2019

Ref: Narikawa, KK et al. 2019
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General picture

Inspiral Post-Merger
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Mass ejection (NS-NS

Ref: Y. Sekiguchi et al. 2015
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Remnant NS & torus

Turbulence in the contact surface—>amplification of magnetic field
—>The remnant NS and accretion torus would be highly magnetized.
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General picture

Inspiral Merger Post-Merger




Post-merger mass ejection

Viscous GRRHD simulation for merger remnant
(Ref: S. Fujibayashi et al. 2018)
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Mass ejection from the remnant torus would occur

driven by amplified magnetic fields or effective viscous heating due to magnetic turbulence
(see also e.g. Siegel et al. 2018, Fernandez et al.2018 for GRMHD simulations)



Relativistic jets

« Relativistic jets could be l[aunched
from the BH accretion torus system
formed after the merger

« global structure of the magnetic
fields would play an important role

« contribution from neutrino pair
annihilation seems to be sub-
dominant

Ref: M. Ruiz et al. 2016
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Post-merger waveforms (NS-NS)

« Post-merger waveforms would contain
rich physical information,

such as the evolution of the merger remnant and
information of high density part of NS EoS

« Challenging for both detection and
waveform modeling

« Complicated physical effects, such as MHD, thermal
effect, and v radiation, should be taken into account
in the numerical simulations
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Black hole-Neutron star



Tidal disruption of NS (BH-NS)

t=650.72000000 m,

« |f the tidal force of the BH exceeds the self-gravity 10 : ' . -2
of the NS, the NS is tidally disrupted. - -§-5
_ _ _ -3.5

 The NS should be tidally disrupted outside the éo 0 } o ©® 1}l 4
ISCO of the BH to form a ejecta or remnant torus, - -4.5

otherwise entire NS material would be swallowed DT 1 >
by the BH -5

Y ' 10 - 6

-10 -5 0 5 10
« Whether tidal disruption occurs or not x/mg

depend on the binary parameters.
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ref) Kyutoku et al. 2010, 2011



Parameter dependence:
Tidal disruption
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Fiecta Morphology

BH-NS NS-NS

 For most cases with M, 2 0.01 M, D 10

, the dynamical ejecta from a BH-NS 1000 ] B
mergers exhibits a crescent-like shape B

confined in the equatorial plane. E o N’

(c.f. quasi-spherical for NS-NS) g 17
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Post-merger waveforms (BH-NS)

ref) Kyutoku et al. 2015

« Waveforms in the inspiral phase would have almost aligned-spin,. - o - - |
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Effect of the BH spin

orientation .

* If the orbital angular momentum
and BH spin are misaligned, the
orbit precesses due to Spin-Orbit
coupling (or dragging of inertia

frames).
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Kilonova lightcurve
prediction



Electromagnetic Counterparts
to NS binary mergers

. . Jet—ISM Shock (Afterglow)
* Various transient EM counterparts are Opical thours—days)

Radio (weeks  yeers )
proposed for NS binary mergers

Ejecta-ISM Shock

- , Radio (yeurs)

* short-hard gamma-ray-burst > o
AN 7 Kilonova . (\f\/
.,' ()l Al (o~ 1ilay . \
Merger Ejecta N\/ 4

I'dal Tarll & Disk Wind 'l.
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i
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« Afterglow

* COCOON emission

* kilonovae/macronovae = /»'Ju
. -— } — ) m
« radio flare, etc. ~——
~

« Host galaxy identification, remnant
properties, environment

f"k
’I»K q’\

Ref: B. Metzger and E. Berger 2012

» Possible synthesis site of r-process nuclei



short-hard gamma-ray burst

G -Ray Bursts (GRBs):The L d Short of It
. L~105lerg/s, At=0.01-1000 s amma-Ray Bursts (GRBs): The Long an orto

Long gamma-ray burst Short gamma-ray burst
] o (>2 seconds’ duration) (<2 seconds’duration)
* launched by highly relativistic jet (100-1000) . Aredgon -
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* Long-soft GRB: > 2s | Lol e S
. begin to spiral
deaths of massive stars inward...
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Kilonova/Macronova

150

A Kilonova/macronova is a electromagnetic (EM)

emission which expected to be associate with
a NS binary merger.

Ejected material is neutron-rich

—>heavy radioactive nuclei would be synthesized

in the ejecta by the so-called
r-process nucleosynthesis

100

y (km)

—EM emission in optical and infrared wavelengths 150

could occur by radioactive decays of heavy elements

: kilonova/macronova

Li & Paczynski 1998, Kulkarni 2005,
Metzger et al. 2010 ...
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Ref: K. Hotokezaka et al. 2013



R-process nucleosynthesis

Credit) Sho Fujibayashi

(000

. | I I I 1 | | | I LA
ol - d 4
80 L o L - llll
0. = BT 3 = i
L I N nr'"- L ] i - -b
E 6‘:' - \"\ = =:'E|.u= ’ . = B 1 et
y L r.n }f‘ i =
-:'E‘: g(\' l'.' nLJ 11':“ y%‘ p— -— '8 s
gL SR B 3 =
Al S " ; . ;K
gz : - ~ et 110
3 . oHES 58 t - 9.684x107 s : -7
230 [ @l A C e |
— 81 "_ lg—pktt' )
20 L - \-\ "r Rho—2.003 x10° elce b 12
\ 4 Bdecay ol L e - 8274x10" km .
. R B - X - 5.788 x10 ' 1F 4 14
¢ . (..’ t“.l 1 1 l L A 1 l L 1 ‘5' l 1 1 A l 1 1 L l 1 1 1 l l-‘ll 1 l A A 1 l 1 1 1 l 1 1 1 ! d
. 0 20 40 60 80 100 120 : 140 160 130 200

. f ncutron number N

s mmmmmns e

TNcap K TBdec *

.
I 1 1 I 1 1 ‘ . 1

PR N T T L L
140 160 180 200 220

1 1 1 1 ' 1 1 1 I 1
20 40 60 8O 100 120
1nass nuinber A

..............:> 3 I I :I ! ' ' : ' ' l L
N capture 4 :

:

() .|.§



Properties of kilonovae / macronovae

Order Estimation ref) Li & Paczynski 1998

tpeak ~ 3.3 days

y M 1/2 (L)—lﬂ K 12 M ;e :ejecta mass
0.03Mg, 0.2¢ lcm?/g

Ueje :expanding velocity

Lpeax =~ 2.0 X 10*! ergs/s
K :opacity

( 7‘ ) ( M ) 1/2 V 1/2 K 1/2
10-6 0.0SM@ 0.2c 1 cm? / g f . energy conversion rate

Tpeak ~ 3.1 x 10°K

; £\ WA Y —1/8( . )_1/8 B —3/8
10— 0.03Mg 0.2¢ lem?/g

 The emission is expected to be bright in the optical and infrared wavelength.

 The mass, velocity, morphology, and the composition(electron fraction) of the ejecta characterize
the lightcurve of the kilonova/macronova.
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E|ecta opacity

Lanthanide- -poor ¢ case

ref) Tanaka et al. 2018,2019
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The ejecta opacity varies significantly (0.1—10 cm”2/g) depending on
whether lanthanide elements are synthesized or not, which reflects the electron fraction, Ye, of ejecta.
(Kasen et al. 2013, Barnes et al. 2013, Tanaka et al. 2013)



AB absolute magnitude

GW170817:
Kilonova/macronova with multiple components

Data: Summarized in Villar et al. 2017 Blue (lanthanide-free)

D=40 Mpc ref) Masaomi’s slide

o B S e e e B N B e S S
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16 1 t, —  ~10days , .  a01ae
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s NN Ty
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t [day]

broadband luminosity, AF, (10*" ergss™')

-12 ¢

‘11 days since hiciye: : INCle L/ INLUOGCITT UL al. 2017

A Kilonova/macronova model with multiple components well interprets the optical-Infrared observation
(see e.g., Kasliwal et al. 2017, Cowperthwaite et al. 2017, Kasen et al. 2017, Villar et al. 2017)

« early-blue component (~¥1day) from lanthanide-free ejecta (~0.01 M _sun, opacity ~0.1-1 cm”"2/g)
+ long-lasting red component (~10days) from lanthanide-rich ejecta (~¥0.04 M_sun, opacity ~10 cm”2/g)

*radiation transfer effect among the multiple ejecta components would change the ejecta mass estimation
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Photon interaction among
different ejecta components

Dynamical mass ejectio@

@merger
Remnant

W-p

Post-merger ejecta
Post-merger mass ejection

@after merger

Dynamical ejecta

Radiative transfer of photons among the multiple ejecta components
has a large impact on the lightcurve predictions
(see Perego et al. 2017, Wollaeger et al. 2017 for studies with similar setups
and also Matsumoto et al. 2018 for reprocessing models in different context)
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Dynamical ejecta: 0.01 M_sun, 0.08—0.9 c, Ye=0.1-0.4, p=-6
Post-merger ejecta: 0.02 M_sun, 0.025—0.08 c, Ye=0.3-0.4, p=-3



NS-NS Dynamical Ejecta Post-merger Ejecta
2 ¢ 4 / ~ 01 M@
Mtot SJ Mmax,spin ~ 0.001 Mg, >
Long-surviving {1 ) tite > 18
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© T e
My tite = 1s A7
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Kilonova lightcurves could show large diversity reflecting the variety
in the binary parameters or the binary composition
(see also e.g. Gompertz et al. 2018, Rossi et al. 2019)




NS-NS Dynamical Ejecta

Mtot 5 Mmax,spin ~ 0.001M¢
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Remnant NS Lifetime

Ye distribution of ejecta

density [g cm™] electron fraction
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Ref: Metzger & Fernandez et al. 2014

Life time of the remnant NS has a large impact on the Ye distribution of the post merger ejecta:
low (high) Ye = large (small) lanthanide fraction (See also Lippuner et al. 2017)



Ye dependence

Optical/infrared EM data points observed in
GW170817 summarized by Villar et al. 2017 (D=40Mpc)
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Hi-Ye ejecta from BH accretion torus?
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Ref: Fujibayashi et al. 2020

Recent GR viscous RHD simulation suggests that Hi-Ye ejecta (Ye>0.3) may also be formed in the
absence of remnant MNS if the ejection times scale is long (~>0.3 s)(See also Fujibayashi et al. 2020)
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Prompt collapse case

Ref: Radice et al. 2018,

Dynamical ejecta mass

Ref: K. Hotokezaka et al. 2013

NS-NS models
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* Both dynamical ejecta and remnant torus mass are
significantly suppressed for most of the prompt collapse cases.
(*however, it depends on the mass ratio; see Kiuchi et al. 2019a)
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* |n addition, post-merger ejecta would be lanthanide-rich

in the absence of v irradiation from the remnant NS

(see e.g., Just et al. 2015, Wu et al. 2016, Siegel et al. 2018, Fernandez et al. 2018)



Prompt collapse
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NS-NS Dynamical Ejecta

Mtot 5 Mmax,spin
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Long-surviving NS/Magnetor

* |f the remnant NS survives for sufficiently
long time, the rotational energy of the
remnant NS could be an additional
energy source to the ejecta
by releasing it via magnetic fields

* Evenif the energy injected into
the ejecta is lost due to adiabatic cooling
and does not directly reflected to the
lightcurves, the velocity profile of
the ejecta would be modified

Ref: Martinez-Pinedo et al 2012,
Metzger et al. 2018

Blue KN Ejecta
internal shocks S gamma-rayS?

Rotational kinetic energy of a rigidly rotating NS
at maximum mass (ref: Shibata et al. 2019)

MyNs Runs \° ) ’
Foot ~ 2 x 10°3
v e e (2.6 M@> (15 km) 10%rad /s

c.f. typical total kinetic energy of ejecta

By oje ~ 10% — 10" erg

*relativistic jets would also be
the cause of energy injection/ejecta acceleration
(e.g. Gottlieb et al. 2017)
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NS-NS

Dynamical Ejecta
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Black hole-Neutron star
(BH-NS) merger e iuoweta 20

 If the NS is tidally disrupted DD2 Y,
substantial amount of material would remain/ejected 400
after the merger

*.x * s

For BHNS merger, lanthanide fraction of the ejecta
would be higher in the absent of shock heating
and neutrino irradiation

(e.g. Just et al. 2015, Foucart et al. 2017,Kyutoku et al. x (km) Ref: Foucart et al. 2018
2018)

200

y (km)
(@}

o

-200

-400
-400  -200 0 200 400

 Whether NS is tidally disrupted or not,
and the remnant disk/ejecta mass depends
strongly on the binary parameters.

XBH,min

* |f NS is not tidally disrupted, no ejecta or remnant torus
are formed after the merger, and
we would expect no EM counterparts for such a case.
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Black hole-Neutron star
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Ref: KK, Shibata, Tanaka 2019
*note that the ejecta mass from BH-NS merger could have a large variety depending on the binary parameters



Black hole-Neutron star
(BH-NS) merger e iuoweta 20

 If the NS is tidally disrupted DD2 Y,
substantial amount of material would remain/ejected 400
after the merger

*.x * s

For BHNS merger, lanthanide fraction of the ejecta
would be higher in the absent of shock heating
and neutrino irradiation

(e.g. Just et al. 2015, Foucart et al. 2017,Kyutoku et al. x (km) Ref: Foucart et al. 2018
2018)

200

y (km)
(@}

o

-200

-400
-400  -200 0 200 400

 Whether NS is tidally disrupted or not,
and the remnant disk/ejecta mass depends
strongly on the binary parameters.

XBH,min

* |f NS is not tidally disrupted, no ejecta or remnant torus
are formed after the merger, and
we would expect no EM counterparts for such a case.
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Pole ( 0° < 6 < 20°)

HMNS-YH
HMNS-YH-DYNO0.003
HMNS-YH-PMO0.01
HMNS-YH-VL
HMNS-YH-VH
HMNS-YM
HMNS-YL
BH-PMO0.001
BH-PMO0.01
SMNS-DYNO.01
SMNS-DYNO0.003
BHNS-A

BHNS-B

PM-YL

1o o 2 N( 1] o [JO

SMNS:
cases that the remnant NS survives
for a long time scale (>>1 s)

HMNS:
cases that the remnant NS survives
temporarily and eventually collapses to a BH

Prompt collapse:
cases that the NSs collapses to a BH
immediately after the merger

Comparison of peak time vs. peak magnitude® among various models

*since the lightcurves for t<1day are not reliable for our calculation, we define the peak magnitude as the brightest point after t=1day.




O3 observation



O3 detection candidates

https://gracedb.ligo.org/superevents/public/03/

« BH-BH: 20 candidates

$190915ak, S190828I, S190828j, S190728q, S190727h,
$190720a, S190707q, S190706ai, S190701ah,
5$190630ag, S190602aq, S190521r, S190521g,
S190519bj, S190517h, S190513bm, S190512at,
S190503bf, S190421ar, S190412m, S190408an

« Mass gap: 2 candidates

$190930s, S190924h

« NS-NS: 1 (6) candidates

$190425z (, S190910h, S190901ap,
S$190718y, S190510g, S190426c)

« BH-NS: 1 (6) candidates

$190814bv (, S190930t, S190923y,
$190910d, S190901ap, S190426c)

GraceDB — Gravitational-Wave Candidate Event Database

| HowE | PURLICALERTS | sSFARCH | LaTEsT DOCUMENTATION | | roaw |
- -
LIGO/Virgo 03 Public Alerts
Detection candidates: ug
EVINTIC (AT} v hd
Event 10 Possible Source (Probability? urc GCN Locadion
Aug. /9, 200 % CAN Circrars 3
SIS A4 Masshan (90%9), Terrestnal (10X 9 (." "
2105 56 UTC Modces | YOI h S /
Aug. 73, 2005 CAN Circurars
198 REH (> 99%)
QeSS (9 UTC oo | YO§ oy
Aug. 28, 20°% COCN Clrew ars
19838 REH (= 89%)
Q3405 UTC Noces | VOE
Aug. 22, 20°% CCN Clrew ars g
SINIRZZC BNS (955 —
01:2959 UTC Nomces | VOE
Aug. 16, 201% CCN Clrcu ars ’
S1MIE 1S NSEH (53%), Terrastrial (17%) |

" e




econd NS-NS: GW190425

v
] i
— | -
| = -
P -
! -~
‘, ~ -~ -
A » - “a
| 3 o ‘s
. ‘ N
- - N
T 7
/
/7
’
/
/
/7

3

f :

I 4 |

.

Wl "

— ¥ <089 y < 0.5
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/
1 /
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’
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< )\ <" 200 ' :
: \ " _‘ | )
% 1.4 =, ! \ \
150 175 200 225 250 275 3.00 ' 00 03 1.0 1.5 3l 25 3.0
my (M) 1

Low-spin prior (x < 0.05) High-spin prior (x < 0.89)

Primary mass m1 1.62-1.88 Mg 1.61-2.52 Mg
Secondary mass ma 1.45—-1.69 Mo 1.12-1.68 Mg
Chirp mass M 1.44755% Mg, 1.44700% Mg
Detector-frame chirp mass 1.486870 0008 Mo 1.487370:0508 M,
Mass ratio ma/mi 0.8 - 1.0 04— 1.0
Total mass Mot 3.37591 Mg 3.4703 Mg
Effective inspiral spin parameter Yes 0.01379:51 0.058"9-04
Luminosity distance Dr, 1611757 Mpc 159757 Mpec
Combined dimensionless tidal deformability A < 600 < 1100

Ref) Abbot et al. (2020)




EM followup

GW190425

e D=156+41Mpc (Initial announce)

« 10,000 deg? (A:BAYESTAR)
->7,500 deg?(B:LALInference)

GROWTH:1907.12645
« ZTF: g & r band
« 1st Night: ~0.1days

~>20.4 mag (median?) (A: 36% B:19%) N

20 B 41 « N
. ~ PR I S -, TH .
e 2nd Night: ~1days 5 2 B R bR b i
~>21 mag (average?median?) (A: 46% B:21%) Y 3 e
« 3rd Night: ~2 days g 2
~>21 mag? (median) (A: 46% B:21% ?) 2 135 :
E 14.0 IR
* Palomar Gattini-IR: J band s i
15.00% _wv 3 R
. % v",'v'*' ": — A
« ~>15.5 mag (median) e o A
16'%. 0.1 0.20.8 1.0 1.21.8“ 2.0

Time from trigger [days]

2.2
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Lanthanide rich disk outflow =,
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0.5 1 2 3 4

Disk
Outflow

Dynamical ejecta

. lanthanide rich
lanthanide

Poor

A low-mass black hole—neutron star binary

Disk
Outflow
Dynamical
ejecta
lanthanide
rich
lanthanide
Poor

Asymmetric binary neutron stars

Symmetric binary neutron stars
A low-mass black hole—small-radius neutron star binary

Binary type® Merger Outcome® Detectable?
La-poor disk YES
La-poor disk+La-rich dyn. ~YES

low-mass BH-NS La-rich disk

La-rich disk+La-rich dyn.

YES if equatorial
YES if polar

weak /no disruption (small radius) NO

La-poor disk+La-rich dyn.
La-rich disk+La-rich dyn.

YES if polar
YES if polar

asymmetric NS-NS

YES if polar
NO

. massive neutron star (large maximum mass
symmetric NS-NS (larg )

prompt collapse

Ref) Kyutoku et al. (2020)




5190814bv: a BH-NS merger candidate

Aug. 14, 2019 21:10:39 UTC,
detection of a BH-NS merger
candidates has been reported

Dec

False alarm rate:~ 1 / 1025 yrs.

Distance: ~267+52 Mpc
(c.f. GW170817: ~40 Mpc)

Sky localization: 23 deg2(90%)

No electromagnetic counterpart
has been found

Ref) Andreoni et al. (2019)

Can we constrain the binary parameters from EM upper limits?




mq — 0.02 M@
Mpm = 0.02 M@

My=Mpn is assumed

since the remnant torus mass
is typically much larger than
the dynamical ejecta mass
(see e.g., Kyutoku et al. 2015)

Shaded regions denote
the uncertainty due to the
error bar in the distance
measurement

Constraint on the ejecta mass
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Summary

Analytical/numerical studies for compact binary mergers have been
enable us to achieve comprehensive understanding of observations.

GW170817 achieved the measurement of the NS tidal deformability
and confirmed that GW observation has a great impact on NS physics.

The simultaneous observation of EM counterparts to GW170817
marked up the beginning of multi-messenger astronomy era.

More and more GW events with more precise measurements of
physical parameters would be achieved in the future.

Further theoretical investigation is needed to maximize the scientific
returns from the GW/EM events.



Appendix



The first NS-NS merger event:
GW170817



GW1/0817/

On 17th of August 2017, . Normalized amplitude ;
LIGO and Virgo reported e
the first detection of gravitational waves from 200
a binary NS (BNS; NS+NS binary) merger
100
SNR=32.4
50
Distance ~40 Mpc 500 i
’mﬁ LIGO-Livingston
Sky localization: 28 deg? &
9 100
o
00 - 5 =50
| 500
/ | N
0 — E J
| 15h 12h ' 100
18h AR o 50
-30° | , :300
> — 30 20 10 0
0 25 50 75 Time (seconds)
Mpc

76 Ref: LIGO/Virgo 2017



GW1/0817/:Constraints on
binary parameters

. Binary parameters were constrained Tidal deformability Ref: LIGO/Virgo 2017,2018

3000
tightly as ever was (SNR~32), — Siigiiiiiii?
and the tidal deformability is indeed o et
measured (constrained) in this event 2000/
O [(1+12¢)A1 + (12 + q)q* A2 - po
13(1 -+ q )5 " _--""Less Compact
1000 " Mote Cotmpact

Masses of the binary components

\\ e
\
)
\
N Z ’,,’
/”
S
)
$ " ’/’
5 a
7y (& -
m A
1.40 1+ — "
//
,
,

800 1000 1200 1400 1600
TaylorF2 00035 ] — £ 5
y = PhenomDNRT T % =
1.351 = PhenomPNRT | 00030 ]
= SEOBNRT
190] 0.0025-
E@ 1.251 = 0.0020
- -
S 2 0.0015]
H15] M 0.0010]
] chirp |
H0 b 0.0005-
LS 1.5 1.6 1.7 1.8 ' 0.0000 == : : ; . . :
my (M) 77 0 200 400 600 800 1000 1200 1400 1600



GW1/081/: Constraints on

b i n a ry p a ra m ete rS Ref: LIGO/Virgo 2018

Low-spin prior (x < 0.05) High-spin prior (x < 0.89)
Binary inclination 0;jn 146722 deg 152721 deg
Binary inclination 6;n using EM distance constraint [104] 15171°% deg 15371° deg
Detector frame chirp mass M?* 1.1975190:090 Mg 1.1976 70099 Mg
Chirp mass M 1.18615 001 Mo 1.18615 001 Mo
Primary mass m1 (1.36, 1.60) Mg (1.36, 1.89) Mg
Secondary mass my (1.16, 1.36) Mg (1.00, 1.36) Mg
Total mass m 273199 Mg 2.77TH0 22 Mg
Mass ratio ¢ (0.73, 1.00) (0.53, 1.00)
Effective spin Yes 0.0019-02 0.0279-55
Primary dimensionless spin x1 (0.00, 0.04) (0.00, 0.50)
Secondary dimensionless spin x2 (0.00, 0.04) (0.00, 0.61)
Tidal deformability A with flat prior ( 3007390 (symmetric)/ 3007520 (HPD) (0,630)

A N v A

Mass ratio-spin degeneracy

* Chirp mass gives rigid lower limit to the total mass y ‘

m = Mepirpn /> > 2.72 Mg

+  Tidal deformability: A < 800 (90%)

or

A1.4 < 800 (90%)

% A depends only weakly on the mass ratio for fixed chirp mass 03 5 00 003 004 006 008 010 012
Xeff



GW1/0817:
Electromagnetic Counterparts

LIGO '

v \ | Swope 4109

. Electromagnetic (EM) counterparts | e | . :
to GW170817 were observed simultaneously j . N
over the entire wavelength range . ‘Gan e

(from radio to gamma wavelengths) A 1PN Formi £ " [

« The follow-up observation of N A
the electromagnetic counterparts | | '
allowed us to identify the host galaxy | Ref: P. S. Cowperthwaite 2017
(NGC4993: ~40 M pC) Optical-IR EM counterparts of GW170817

| e—~10"erg/s ' Data: Villar+, 171111576 t  + |

- Observed lightcurves and spectra provided 2 10 gﬁ e J .
the physical implication to 1;50 15 | ﬁ?:;mg e ‘ H o n
the merger ~ post-merger dynamics of the system = » - :i . %é%eE ) .. g

%3 | g%+j+%§%f”'e,.mm & 4|
(property of merger remnant, g B % ’Zoi BT
r-process nucleosynthesis, < 12 AR % :

existence of relativistic jets,...) 0 2 4 6 s 10 12 14

79 ,
t (day) after merger Ref: V. A. Villar 2017



Gamma ray burst?

Ref: LIGO/Virgo/Fermi/INTEGRAL 2017 0. . &
N\QX%@Y GY\B s’VaX)" 550 14"—02380
7,; 25007 Lightcurve from Fermi/GBM (10 — 50 keV) K‘
Z 2250
: 2000 - m “
g 1750 4 % [ lwl |||”J I " " ‘ ‘|| T|| |'\ \“” \Ji ﬂ "ml \iJL "I ':,‘
= 15001 “ MN N 1 m I N I " U “ * n=10*-5x10°cm?
3 1250 E =~ 10% — 10% er
= - g
7 1750 1 Lightcurve from Fermi/GBM (50 — 300 keV)
% 1500 A
= 1250
g 1000 | m Inf ‘.“"1 ; | "J llv ‘_“ LS m\“ i ||‘]| B L_u iy ."w \il”l i TR i Nl f
g 750_ W'” m” ] 1] AT A 7t 1 I r
o Lightcurve from INTEGRAL/SPI-ACS
& 120000 1 (> 100 keV)
j=]
5 100 Mooley et al. 2018
£ 115000 41 h 1 uH I o ‘.H i HW L H T L 10 L Radio observation (VLBI)
L Y T h
[
€3]

PR Gravitational-wave time-frequency map

§ 300

: 200 230 days

S 100 4 TN

= 75 days

50
-10 -8 —6 —4 -2 0 2 4 6

Time from merger (s)

......

Dec offset (mas)
o

« Gamma ray signal was detected 1.7s after the GW trigger

-4 -
...however, not typical short hard GRB?
« Superluminal motion of the radio counterpart N o
— existence of a relativistic jet
-128 6 4 2 (I) 2 4 6 8

RA offset (mas)



AB absolute magnitude

GW170817:
Kilonova/macronova with multiple components

Data: Summarized in Villar et al. 2017 Blue (lanthanide-free)

D=40 Mpc ref) Masaomi’s slide

o B S e e e B N B e S S
S0 T R O S A - ——
.. Infrared % = o
16 1 t, —  ~10days , .  a01ae
1 5( N .- R R

/

s NN Ty

TN

01 23 4567 8 9101112131415 16
t [day]

broadband luminosity, AF, (10*" ergss™')

-12 ¢

‘11 days since hiciye: : INCle L/ INLUOGCITT UL al. 2017

A Kilonova/macronova model with multiple components well interprets the optical-Infrared observation
(see e.g., Kasliwal et al. 2017, Cowperthwaite et al. 2017, Kasen et al. 2017, Villar et al. 2017)

« early-blue component (~¥1day) from lanthanide-free ejecta (~0.01 M _sun, opacity ~0.1-1 cm”"2/g)
+ long-lasting red component (~10days) from lanthanide-rich ejecta (~¥0.04 M_sun, opacity ~10 cm”2/g)

*radiation transfer effect among the multiple ejecta components would change the ejecta mass estimation
81



« The first opportunity of

multi-messenger astronomy
with the combination GW and EM observation

Ho (kms™M

: : : pc_Ref: LIGO/Virgo 2017
« Host galaxy + GW luminosity distance
gdlaxy Y 3% 10715 < BV < 17510710

— Hubble parameter VEM
Av = vaw — VEM
« Time delay of Gamma ray observation:

_ Ref: LIGO/Virgo/Fermi/INTEGRAL 2017
— GW propagation speed

0 ———m—r————r———— _

 Tidal deformability + EM Constraint
— Tighter limit on the NS property

log(Muisk/Mo)
3
e
~
Y
—O0—\

(e.g. Radice & Dai 2018, Kiuchi et al. 2019) Bj"jj‘j‘}f Lo o ]
E 0— —————— [I!—}%i-#--%__*..._434;________.._
S 0
ﬁ _10 2;0{D r(I)O 7EI)O 10I0() 12I’0 1’:0()
82 A

A
Ref: Radice & Dai 2018



GW170817:Further constraints on
A/Radius/Maximum mass

« Analysis of GW data with further assumptions

« Lower limit on the NS tidal deformability / radius
based on EM observation

« Upper limit on the maximum mass
based on EM observation



Analysis of GW data with further

assumptions

« Tighter constraints on
the NS tidal deformability and radius
are obtained by considering

« the same NS EoS for two objects

(c.f. twin stars)

current lower limit for the NS maximum mass
(Mmax > 1.97 Msun : Antoniadis et al. 2013)

A = 222.29+419.83 24539743312 233.39144733

~

Ref: De et al. 2018
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+

i ii Bl Uniform distribution
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= |
15.0
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13.5 —— 138
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Lower limit on

the NS tidal deformability / radius

« Constraints from the fact that
EM counterparts are observed

« Lower |limit on the NS tidal deformability
/ radius based on the prediction of
numerical relativity simulations

Ref: Bauswein et al. 2017

600 1
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I
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q

Ref: Coughlin et al. 2018

Mdisk [Msun]

no bounce, equal o
short-lived, equal H/—
long-lived, equal

Ref: Radice & Dai 2018
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A
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0.1 F

0.01 |

0.001

Olﬁ ./N\LB < 242 |

200 250

300 350 400 450 500 550 600

binary tidal deformability A

Ref: Kiuchi et al. 2019



Upper limit on
the NS maximum mass

« Upper limit on the NS maximum mass from
the fact that the remnant NS is likely to be

temporarily survived and collapsed eventually to a BH

* Presence of EM counterparts
« No observation of magnetor-like activity

« GRB association
Mmax,rot ~ 1°2Mmax

Mrov [Me)
2.14 2.16 2.18 2.20 2.22
< T T T
2.825
2.800 1
/0]
2775 "2
@ ~~
o
= 2.750 =
=10}
GW170817
2.725 1
2.700 A
Mpax S 2.16 Mg
2.675 . . . . .
0.000 0.005 0.010 0.015 0.020 0.025
M. [M
o [Mo] Ref: Rezzolla et al. 2018

Ref: Margalit & Metzger 2017
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Ref: Shibata et al. 2019



