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Initial request

“Could you speak on “The impact on Astroparticle
Physics from LIGO-Virgo’s detection of gravitational

waves?””

Astroparticle...

- cosmic rays?

- neutrinos?

- (very) high-energy gamma rays?
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1. Introduction:
current LIGO-
Virgo results



Era of gravitational-wave astronomy

10 binary black holes and 1 binary neutron stars

Masses in the Stellar Graveyard

in Solar Masses
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A

https://ciera.northwestern.edu/gallery/masses-in-the-stellar-graveyard-3/

Updated 2018-12-01
LIGO-Virgo | Frank Elavsky | Northwestern




Mass distribution of black holes

Beginning to be understood to some accuracy
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Spin distribution of black holes

Xeoff = (m1)(1,|| + mz)(z,ll)/(m1 +m;)
Not likely to be extremely rapidly spinning, but not

necessarily preferring
non-spinning or
random orientation

Xeff

Seems premature
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time

On black-hole echoes

It is possible if it was NOT a genuine black hole

e.g., boson stars, gravastars, or firewalls ...
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Template with echoes

Abedi+ (2017)
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On August 17,2017, 12:41 UTC,
LIGO (US) and Virgo (Europe) detect
gravitational waves from the merger
of two neutron stars, each around

1.5 times the mass of our Sun. This is
the first detection of spacetime ripples
from neutron stars

GW170817

FIRST CosmiC EVENT OBSERVED

IN GRAVITATIONAL WAVES AND LIGHT
Colliding Neutron Stars Mark New Beginning of Discoveries

— ~

@

Within two seconds, NASA's

Fermi Gamma-ray Space Telescope

detects a short gamma-ray burst from a
region of the sky overlapping the LIGO/Virgo
position. Optical telescope observations
pinpoint the origin of this signal to NGC 4993,
a galaxy located 130 million light years distant

Collision creates light across the

entire electromagnetic spectrum.

Joint observations independently confirm
Einstein's General Theory of Relativity,
help measure the age of the Universe,
and provide clues to the origins of

heavy elements like gold and platinum

BILIGO S|SB




Neutron star binary coalescence

* G@Gravitational waves

- test of the theory of gravitation in a non-vacuum
- high-density matter signature: equation of state

* Formation of a hot massive remnant (star/disk)
- central engine of short gamma-ray bursts

* Mass ejection of neutron-rich material

- r-process nucleosynthesis

- radioactively-driven “kilonova/macronova”



Example of the binary merger

A massive rotating star can be left after merger, and
emit gravitational waves to collapse to a black hole

t=0 ms log p (g/cc)

(old) Movies by Kenta Hotokezaka
Based on Hotokezaka, KK+ (2011)
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Constraint on neutron-star properties

Model-insensitive constraints are obtained, and
aggressive assumptions derive strong constramts
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Electromagnetic counterpart

EM radiation accompanies neutron star mergers

Jet—ISM shock (afterglow)
Optical (hours—days)

Radio (weeks—years) ; I O C a | i Za t i O n

Ejecta—ISM shock

s - host identification
- cosmological redshift

-9 ejecta properties

L C :
. - ejection mechanism

S
- I'-process element

Berger (2014)



90% fluence limit(cm™?)
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Neutrino upper limit

No coincident event
No model is rejected

(except for on-axis GRBs)
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Energy Flux [erg / (cm? s)]

High-energy gamma ray upper limit

Mostly upper limit for >MeV gamma rays, and
Fermi/LAT put an upper limit only at late times
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2. Kilonova AT 2017gfo
and r-process cosmic rays



Proton number (Z)

r-process nucleosynthesis

Synthesize heavy, neutron-rich elements (Au, Pt...)

r = rapid: neutron capture faster than beta decay
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need very dense and

neutron-rich matter

supernova explosions
now seem to fail to

achieve r-process
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0.1

Mass ejection from binary mergers

Successful at least for some binary models
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Kilonova/macronova

Ejected material contain
radioactive r-elements Z&
Their decay heat the ejecta ‘L’/L

Thermal photons try to Central

engine

diffuse from the ejecta /v
But r-elements efficiently
traps the photon inside

Characteristic “kilonova”! ' 5

<
Ny

Torus Nuclear
(or Disk) decay

L

Kisaka+ (2015)



UV/optical/IR transient AT 2017gfo

The host galaxy and redshift are determined

EVARVA N Day 7.17-7.70

Utsumi+ (2017)




Gravitational-wave cosmology

Hubble’s constant is determmed in @ novel manner
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Hubble tension?

GW-EM can examine this 3.4sigma~9% discrepancy
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But caution! Calibration accuracy

Amplitude measurements by LIGO/Virgo have ~5%
systematic errors ... as are the distance errors
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Cahillane+ (2017)
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AT 2017gfo

In general agreement with theoretical models

-17

particularly in NIR | M = 0.03 Msun (Ye = 0.25) v e
e L Tanaka+ (2017) e
Compared to SNe Pl many other obs.
- small mass g 5 " ¢ LN
: : & o
- high velocity e a o
- high opacity 2
8 -13r
- no time scale
12 k-
of the heating
-11 e\ . 1N . N
0 5 10
Days after GW170817
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Absolute magnitude

No indication of ultraheavy elements

A moderate amount of lanthanide is required but
gold, platinum, etc. are not concretely detected

- it is simply hard to confirm their presence, though
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Heating source

Some people claim that heavy elements such as

but
1041 1 [ . [
_ - the prediction is
S 19 not very robust
£ N - late bolometric
3 10% | -- Y.,=0.1(2nd & 3rd peak) T . . .
| - v.—0.2 (2nd & 3rd peak) luminosity is not
| -- Y.=0.3(2nd peak)
T B oo very accurate
10° 107

Time [day]
2019/2/18 VHEPA2019 26



Polarization

Ejecta geometry and atomic distribution could be
inferred from polarization due to electron scattering

.. : : \ B
This is possible only if }
both light and heavy I =y

r-process elements K e

exist in the ejecta

©M. Bulla

No polarization for AT 2017gfo [Covino et al. 2017]

2019/2/18 VHEPA2019 27



Polar velocity [c]

Possible probe into atomic distribution

“’1% polarization is p055|ble for bmary neutron stars
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Future of the kilonova ejecta

The ejecta with 0.03 — 0.05M and 0.1 — 0.2¢ will
eventually collide with the interstellar medium

-> a system very similar to supernova remnants

E [eV]

Broadband emission is R i o A
expected (mainly radio) - o 5-09, ng;d%% ]
Gamma-rays are possible i 10
for (very) extreme cases % :: o
e.g., with magnetars % [/ o _

v [HZ]

Takami, KK+ (2014) 10
Not corresponding to AT 2017gfo



Cosmic-ray acceleration?

The velocity of the r-process-enriched ejecta is
larger by an order of magnitude than supernova’s

If all the r-process elements are produced in
mergers, they must be born with two order-of-
magnitude larger kinetic energy (per mass) than
elements from the supernova explosion e.g., Fe

Then - r-process cosmic rays could be very intense
as far as the reverse-shock acceleration is efficient



Observed cosmic-ray composition

No selective r-process enhancement is observed
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Limit on acceleration efficiency

Particle acceleration and emission will be inefficient
in the reverse shock of the kilonova ejecta
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3. Gamma-ray burst
GRB 170817A and
magnetars



Short gamma-ray burst

Gamma-Ray Bursts (GRBs): The Long and Short of It

About 10°terg/s explosions JiEelamrniralliiEs et
-the sunis ~4 x 1033%erg/s Wl
Long-soft GRB: = 2s

deaths of massive stars

Short-hard: < 2s

neutron star binary merger?

rigorous confirmation needs |
gravitational waves /" s

http://www.daviddarling.info/images/gamma-ray_ bursts jpg
2019/2/18 VHEPA2019



GRB

170817A

Fermi

Reported 16 seconds
after detection

LIGO-Virgo

Reported 27 minutes after detection

INTEGRAL

Reported 66 minutes
after detection .

B
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© LIGO/Virgo; Fermi; INTEGRAL; NASA/DOE; NSF; EGO; ESA

Gamma rays, 50 to 300 keV GRB 170817A

1,500

1,000

500

Gravitational-wave strain GW170817

300

100 —

-6 -4 -2 0 2 4

Time from merger (seconds)

Gamma rays, 100 keV and higher GRB 170817A

120,000

115,000

110,000




The difference of speeds in GW/EM

Gravitational waves and gamma rays arrive
separated only by ~1.7s from ~40Mpc=4x10”"15s

Timing difference At = (D/vgw) — (D/vEM)
renders the velocity difference Av := vo\w — VEM

A
—3x 10715 < = <7 x10"16
VEM

if the difference at the source is [0:10]s (model!)
- multiple events will alleviate model dependence



Dispersion relation

Propagation of electromagnetic waves (in a suitable
gauge) is governed by the spacetime metric as

n*va,0,A, =0
Gravitational waves h,z must obey the same causal
structure, so that

g\uvauavhaﬁ —
with g¥¥ = Q*n*Y, no correction such as VA V'

This is not usually assuring for modified theory of
gravity with higher derivatives of scalar fields



Horndeski

Constraint on modified gravity

Various theories are now regarded as rejected

Cqg = C

Cqg # C

—

General Relativity

quintessence /k-essence [42]

Brans-Dicke/ f(R) [43, 44]

Kinetic Gravity Braiding [46]

quartic/quintic Galileons [13, 14]
Fab Four [15, 16]

de Sitter Horndeski [45]
Guvd"¢” [47], Gauss-Bonnet

beyond H.

Derivative Conformal (20) [18§]

Disformal Tuning (22)
DHOST with A1 =0

quartic/quintic GLPV [19]
DHOST [20, 48] with A; # 0

2019/2/18

Viable after GW170817

Non-viable after GW170817
Ezquiaga-Zumalacarregui (2017)
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Scenario confirmation

Apparently, short gamma-ray burst (but not hard)
-> Binary neutron stars drive some short GRBs!

. Goldstein+ (2017) Hard spectrum | | |
B 3 e Short
140+ GRB 170817A 10"} ¢ .. e Long |/
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The closest short gamma-ray burst

Among the short GRBs with measured redshifts

- | I | | | | | | | |
14 | C -
] S Fong+(2017)  Elliptical
(o] .
12F 8 Star-forming -
o Total
(Z) = 0.46
é 8- D = 40*3, Mpc from -
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4 -
2 -
LINMWW] ., . oo

0 025 05 075 1 125 15 1.756 2 225 25 2.75

Redshift
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0% —r—r——m—m——————————————————
F (isotropic-equivalent) luminosity of gamma-ray emission

10% |

Liso (1 keV - 10 MeV) (erg/s)

10% |

1047 -
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Underluminous...
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Brightening of the afterglow

An off-axis jet is a good candidate, but an ultra-
relativistic top-hat jet is rejected (for any angle)

S, (udy)

(A) On-axis jet
SGRB and afterglow

<N
Radio
emission

égg Y_rays..,,_.-

(B) Off-axis jet
SGRB and afterglow

O Radio data (3 GHz)
-- Gj =10°,n=25x10"cm™= E_ =6 x 10® erg
—= 0,=20°,n=10°cm=, E , =15x10°" erg

—- 0,=15°,n= 104 cm™, E =3 x 10% erg (from ref. 4)

102
A top-hat jet el T SNG
H /”" .Q.h-."'-.. ....‘.5
must evolve rapidly _~~.- ® ~<l>
Lo S -
PR o \""“--..\
./0 ,/ Q T~
e r
W
/ /
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- I I
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I r
L | | | ) | ) I
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Time (days)
2019/2/18 VHEPA2019

Ruled out

42



Structured jet

The jet of gamma-ray bursts is not very simple but
is associated with a non-trivial angular structure
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Logyls') (glem?)
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Superluminal motion

Radio VLBI resolved material moving with I’ = 4

Evidence of a jet! But I' > 30 is not yet confirmed

.|Apparently
vV = 4c
o= Day 75
w 4 /////"N.l d
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Flux density [mJy]

Peak and decline of the luminosity

Decline after the peak is not very slow: jet-like

This does not fit w
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107k
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ith quasispherical cocoon models

Relativistic jet
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0.3- 10 keV Flux [erg cm?s™]

Residuals [%]

Was the remnant a magnetar w/ ~160day lifetime?

Late-time X-ray flare?

Very important to understand the central engine

T @ ChandraACIS-S |
%— O XMM-Newton EPIC-PN —
Tp]
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Pulsar
wind

GRB ejecta

Off-axis observer

Late-time flare

Merger ejecta

Piro+ (2019)
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Magnetic-field amplification

Hydrodynamic and magnheto-hydrodynamic
instabilities amplify the magnetic field to 10217G

- Kelvin-Helmholtz instability at the contact surface
- winding and magneto-rotational instability

t=0Oms Kiuchi, KK+ (2015)

— it

e — — "'»
20km
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GeV-TeV gamma-ray emission

A central engine or late-time GRB activity may give
us a chance of detecting ~100GeV gamma rays

-8
——— ———————— ——————r 10 —
B.=5x10'5G, P.=10ms (M=0.02M ., V=0.2c, high K) —— : EIC (0= o
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B.=10"°G, Pi=1ms (M=0.02M_, ., V=0.2c, modest K) - 10 - _—
[ sun plateau EIC (6=15 deg)
T 10710 plateau EIC (6=30 deg) - ]
............................................................................. 100GeV
o 107" -
w e
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o
9, 1013 i
L
L
L 107 .
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~] 10_16 - T N
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t[s] Murase+ (2018) t[s]



Dark age of binary neutron star merger
mﬁm%ﬁ“ﬁ

;;“; 2500 1 Lightcurve from Ferm:/GBM (10 — 50 keV)
What is ongoing in o m
% 175 0- 1| ]'] M l’ | J [l “Ii i T NII' “| mll r' Iﬂ"'“"’r' i ‘lw JlLL il1.JIIﬁ||rlu.|..lllu
the 1.7s delay between : ™ (kLA 11
N N 7 1750 Lightcurve from Fermi/GBM (50 — 300 keV)
gravitational waves
a n d ga m m a r‘a ys? E J{:Uz Wil “u1fl1T 11 T lN"Wl'if'd."lJT"11m I i .4_11 .lw..,]uw.r.d __llndlw.un T"TI Il.lTlu
- black hole formation?  z .,,|tym s
- magnetar? £ oo LAl

nt

Only neutrinos could be  ,, g
possible messengers @ *

e s e 2 0 > 4 6

Time from merger (s)
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Waiting time for MeV neutrinos

fau—O 5 E A —3x1052erg <E>= lOMeV Deﬂ=200MpC

Once (=one neutrino!)
in 50-80 years with

Mt-class detectors . "

such as Hyper-K f 0.6
If the remnant does not f g
collapse to a black hole :

0.2

<->1in 30-100 years of

: 0 ol ol s
Galactic supernovae | 0 100 1000
waiting time P*(R/lMpc‘3 Myr‘l) (year)



Struggle with the background

Neutrinos from binaries
are easily embedded in

supernova backgrounds '

and other sources %

=)

S

Our message: %
analyze only ~1s from

the merger time (GW)  o01

a11—05 E At—3X1052€1‘g Deﬁ:—ZOOMpc

1000 F

(U
— o
II 1 _\I II 1

S
—_
I

0.01F

|||||||||||||||||||||||||||||||||||||

blind search
(80 years)

<E>=10MgV
<E>=15MegV = =
<E>=20MeV

contamination

Kyutoku-Kashiyama (2018)
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obs™

At
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L I 1 1 L L I L L L L

10

20 30

neutrino energy [MeV]



Possible neutrino mass measurement

By using the time delay of neutrinos from GWs

<44mev [ Tk b\~
M2 EY 01s)  \1oMev ) \ 100Mpc

e Am5, =8 X 10 °eV%~(9meV)?
o |am3,| = 2.4 x 1073eV2~(50meV)?
« Ym < 0.1 —0.2eV from cosmology

KATRIN is aiming at directly measuring 200meV
- but this comparison is not contemporaneous!



4. Future prospect
and summary



Future observation

LIGO&Virgo resume observations from early 2019
KAGRA would also join the observation in 2019

Early msmMid Late  mmDesign
Observable range of binary neutron stars: 100Mpc=300M light years
60-80 60-100 120-170 190
Mpc Mpc Mpc Mpc
LIGO Ppbf B os .
25-30 65-85 65-115 125
Mpc Mpc Mpc Mpc
Virgo o2 0s L
LIGO&Virgo&KAGRA (2017) 25-40 40-140 140
Mpc  Mpc Mpc
KAGRA ¢ =
] | | | ] | | | |

2015 2016 2017 2018 2019 2020 2021 2022 2023
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Polarization as a test of gravity

KAGRA will be importa nt to GrawtatlonaI—Wave Polarlzatlon

©
investigate whether //\ /f\
gravitational waves are really K J .. /
transverse as GR predicts o] . v
The number of available ANV \V/
detectors determines @ T ©

the number of constraints /"\ /
Will (2014) L/
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Further gravitational-wave sources

inspiral: compact binaries  continuous:
BH-BH, BH-NS, NS NS .. deformed neutron stars

Known -
waveform -

rhagnetic

field lines

burst: & stochastic: superposition
supernova | . . of weak sources, inflation,

r‘. 7 .‘f

Unknown cosmic string ﬁp ,? phase transition...
waveform .. o o

-55}

\0.3uK

ion [deg.]

-60 }

clina

: ! BICEP2 ( 1
unknown unknown? : =

Right ascension [deg.]
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Multi-wavelength GW astronomy

May not be near, but the foreseeable future

10 12

10

10 ¢

101

10 2°

Characteristic Strain

10 **

10

10 -26
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Stochastic
background

EPTA
IPTA

SKA

Massive binaries

Supermassive
binaries

http://rhcole.com/apps/GWplotter/

Current
observation

LISA
aLlGoO (01)
aLlg
Extreme mass E%GRA
ratio inspirals supernoyae GW150914 CE
Compact binary
nspirals
Core collapse
supernovae
Pulsars
10" 10°¢ 10°¢ 10+ 107 10° 102 10¢ 10°¢
Frequency [ Hz
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LISA

Space-borne gravitational-wave detector operated
by ESA/NASA, sensitive at “mHz bands

Amaro-Seoane+ (2017)

— 10_165 , B e =] T T T T T |
: st Galactic Background
| \ (lil)' ]]()11]’“)7 Vv l I\’IBHBS at 2 =3
10—1 7 L s il % Verification Binaries |4
F \.(}]. = EMRI Harmonics ]
o . \ month —
= i | \ | = LIGO-type BHBs
1 AU (150 million km) 2 518 \ 10° Mo | — @W150914
Sun x = Gal. Bin. (SNR>7) |]
Z =
2 0 \ 10° M
H " 4 0
2107 \
() F \
S ANA : \
. ® i
7 \ N, S 1020k
[ 3 / \ e
] [} + | [ -
| r Observatory
21 I Characteristic Strain
10 _ = = Total
t L L1l ' PR S PR L n PR S S L PR S S R
10~ 10 107 10 107 10°

Frequency (Hz)
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Supermassive black hole

Galaxies often host black holes with 10° — 10° M
at their centers: How are they formed?

How did they affect evolution of galaxies/universe?

https://www.nature.com/news/galaxy-formation-the-new-milky-way-1.11517
CENTRAL BLACK HOLE :

Inner Structure of an Active Galaxy

I0LECULAR CLOUDS |—| Shock
MO.,E,.UU R CLOUD 01 lightyears

Ty

GALCTCBUGE. 8 il e B | SPIRALARMS Relativistic Jet

Supermassive
Black Hole

Accretion Disk

STAR-FORMING
REGIONS

Opaque Torus

GAMCTIEPGHTRAIT (Inner Regions)

rt st 's impression, b

This e latest
dhf Isi:pes and i I I shws
the kyw iewed from outside the Galaxy.

From Wikipedia



Toward all-messenger astronomy

10ONS

ray detect

from a supermassive black hole have been reported

Coincident neutrino and gamma

original GCN Notice Fri 22 Sep 17 20:55:13 UT

refined best-fit direction IC170922A
=== |C170922A 50% - area: 0.15 square degrees
= |C170922A 90% - area: 0.97 square degrees
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Summary

Many gravitational-wave events are reported.

A kilonova AT 2017gfo indicates the formation of
lanthanides, but the presence of very heavy
element such as Au and Pt is still debated.

The reverse shock may be a poor accelerator.

A short GRB 170817A indicates that the jet has a
non-trivial angular structure.

The central engine could be a magnetar, and it
may be checked by gamma rays or neutrinos.
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Encoded physics

Remnant massive NS:

S extreme temperature/density
¥y~ Lateinspiral and merger: Ringdown: GR

‘ tidal deformation, NS EOS
A

Z:";Z_Mﬂ””"”””
o VLTV

Early inspiral: mass, spins...

Dhtjm,

.
0
N
ﬂ

5 10 15 20 25 30
t (ms) Hotokezaka, KK+ (2011)
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Merger dynamics of NS-NS

¥

® o-em @
/ N /

X
Massive, Stable NS
hot NS

Supramassive:

/
/ M total < M crit

Miotal = Mcrit: 7

prompt collapse , |
(unlikely) ¢+  Hypermassive:

/ ~100ms

I

Miotal < Mrot,max
l, ~spin-down time

/
/
> QO -
_ i Large-mass disk -
Small-mass disk Small-mass disk?
[See e.g., Hotokezaka+KK+ (2013)]
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Kilonova/macronova characteristics

For spherical ejecta (Li-Paczynski 1998, also Arnett 1982)

The peak luminosity: L x fr~ /2 M1/2p1/2

peak

The peak time L & kKM 2M/ 2712

:tpea

Heating efficiency f and opacity k — microphysics
particularly, r-process elements have high opacity

Ejecta mass M and ejecta velocity v — macrophysics
small mass and high velocity (vs supernovae)
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Too many lines of lanthanides

A bunch of energy levels -> complex line structures
-> very frequent interaction -> very high opacity
Espeually, Ianthanldes are very opaque to photons

250 102
[ | NdII (f-shell)
H Fell (d-shell)
200- 3 Snll (p-shell} | | = 1o
o
n E
[} s
E 150 > 10°
- (V]
o 2
E o
£ 100r s 107
=1 Q
c S
v
[&)
B 102
50+ 5 10 — Nd (2=60,f-shell) |
— Fe (Z=26,d-shell)
— Si (Z=14,p-shell)
_3 1 1 Il 1 1 1 1
00 5 10 15 20 25 10 0 2000 4000 6000 8000 10000 12000 14000
excitation energy (eV) temperature (K)
i Kasen+ (2013) P
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Opacity is not simple

Wavelength dependent: low at infrared
Epoch dependent: low at a hot and ionized state
Composition dependent: low at lanthanide-free

1000 E A T T T T T e e T 3
F e (La-ri 3

-rich) 1

-free) #
-free)

1day after merger . (La-rich

100 £

~ 10k
U) o
C\Ig i
S 1L
2 3
1l © [
| § o4 [ 3day
: - after

0.01 — merger

|
“IMRIRITT l I i il i

0 5000 10000 15000 20000 250| 5000 10000 15000

Wavelength (A) ©M. Tanaka Wavelength (A)
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Uniqueness as an optical transient

Consistent (only) with the kilonova

Black (SSS17a=AT 2017gfo): this event
Colored: other known transients

L] | | L) L] | I | L]
B B e e e e e LA e e e e e e
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Rest-Frame Days Relative to g-band Maximum
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Scaled Flux + Constant

Rapid reddening of the spectrum

et

McCully+ (2017)
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Mass fraction

lanthanide-free

TWO CompOnent? intermediate
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Why two components?

The early spectrum is blue and featureless

The late spectrum is red and has a broad peak

12f

10F

Relative flux, Fw plus offset

2019/2/18

Light r-process
t=25d

] v=0.03c
M

Heavy r-process
t=4.5d

Kasen+ (2017)

0.4 0.6 0.8 1.0 1.2 1.4
Wavelength (um)

0.5 1.0 1.5 2.0 2.5 3.0
Wavelength (um)

VHEPA2019
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Theoretical interpretation

Likely fast light r-elements + slow heavy r-elements
- the latter may be dynamical ejecta or disk wind
- how the former is generated? under debate %

Shibata+KK+ (2017)

Massive neutron star

Kasen+ (2017)

Squeezed dynamical
v = 0.2c-0.3c

Tidal dynamical
kvt v = 0.2c-0.3c

v <0.1c

Neutron star + neutron star
Remnant promptly collapses to black hole

Viscosity-driven
ejecta

Torus

Dynamical ejecta
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Mutual interaction may be essential

Another possibility is reprocessing of the light from

a blue slow component by a red fast component

logyop (t = 1[day]) [g/cm’]

| I T \ \ l -12 -11
0.7 FKawaguchi+ (2018) i}

1
[
W
[y
| —
n

LE/C

— -12.5

O
dynamical ¢jecta
I5 1
post-merger ejecta

: -18 -13
0O 0.1 0203040506 0.7
v /c
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How to distinguish models?

Two-component? Dynamical or postmerger?
One (e.g., Waxman+ 2017)? Three (e.g., Villar et al. 2017)?
e Spatial resolution by radio observations
 Determine the postmerger remnant: BH vs NS
- GeV-TeV gamma rays could do (Murase+ 217)
More detections seems necessary anyway
 Angular dependence of emission

* Polarization (ND for this event: Covino+ 2017)



Reverse shock

R-process elements re5|de in the eJecta region

1.2~ un aro\,ke':, ejecta E o E &J ocked E unshocked ]
L 1 45 ambjent : ambjent -
L AN medium : medium
L e : 1
10 /}___J_,-"' || E ]
I - . 2. Circumstellar medium
- = .
T 7 ' ' e, ®
0.8 - | ~solar composition
r -~ i ; .
[ ,--"/’f L__ i _____———~“"*:
Fluid 0.6 Egl P -
oci Ejecta o
velocit i P ]
y .. ~r-process elements | | -
L E : i
I S : .
0.2 — 3 & :% —
[ qn g ]
g ¢ _
0.0~ Truelove-Mckee (1999) § 9 3 -
| 1 | | | | | [T T L1 | | L L1
0.30 0.40 0.50 0.60 0.70 0.80
.
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Observed reverse-shock acceleration

X-rays from Cas A reveal reverse-shock emission
magnetic-field amplification & electron acceleration

s 0_\‘ - Surface brightness é
; ~ \,*.‘ g é peaiﬁ ‘prgﬁ[l‘c—‘lf’ ]
: 500 ;_ peaks proflile E
"o B . ]
$ 400 F | E
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o 300F h
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1] L ]
= - ]
5 200F E
o -
o s q
100 {M s
AL : é
O iM L I . " { 1 L T T { T T i e i /L_L‘I'Tj‘_—‘%:
0 50 100 150 200

R [arcsec]



Caveat: isotopic contamination

We do not distinguish r-/s-process isotopes so far

Elemental
A breakdown
7 N = 82 ro s
. 142
Sneden+ (2008) Nd S 42%  58%
Hprotons
141
Pr S,r 51% 49%
100%
140 142
Ce S.r r 19% 81%
88.5% 11.2%
139
La S.r 25%  75%
99.9%
134 || 135 || 136 || 137 | 138
Ba s s.r s s.r s.r 15%  85%
2.4% \6.6% \7.9% \112/ 71.7%
133
Cs S,r 85%  15%
100%
128 129 || 130 || 131 136
XE S S,r s s,r r 80% 20%
1.9% |1 26.4% || 4.1% || 21.2% 8.9%
%
/-OO(Q
s
LD
% #neutrons
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Localization

LIGO-Virgo thfee detectors did a good job this time

Interplanetary network

Earth

15°

-15°

/ Fermi/GBM
Goldstein+ (2017) 50 (

2019/2/18 VHEPA2019

by Fermi and INTEGRAL
A

180°

LIGO-Virgo skymap

= ..‘ ~.|.30°

_15D

T -45°

nl,n2,n5 detectors)
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South Atlantic Anomaly

Sensitivity is not good, Fermi/LAT was not available
30°N

S Ajello+ (2018) mmm GBM SAA
N LAT SAA
<> =

15°N — . fon

(GRB 170817A) ~

£

Yy

15°5

30°8

60°W 30°W 0° 30°E
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Distance-inclination degeneracy

A1 < 5° is possible with Virgo or KAGRA (Arun+ 2014)

~0.4
LVC+ (2017) Planck |
_o.5 | see also Mandel (2017) . SHoES 120
///// \‘-—///—\\7
0.6 ///// //,/
y L L 130
3 5o ,~-PDF from LVC21 < 55° ~
O : 4 /// i
- // L 140
~0.8 - 8
1< 28 ifwe e
~0.9 4 adopt a distance
4 L 160
from NGC 4993
L 170
-1.0 4 - T T T T 180
50 60 70 80 90 100 110 120
H, (km s Mpc™) : proxy of the inverse distance here
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Future prospect for the inclination

A distance measurement (3D localized) improves
the localization accuracy by a factor of 2-3

Network

No EM information

Direction known

3D localized

LHV
LHVK
LHVKI

0.3 (41.5)
7.1 (24)
5.8 (15.5)

3.3 (34.4)
6.5 (21.0)
5.5 (14.3)

3.3 (8.6)
2.7 (6.4)
2.2 (5.1)

Arun+ (2014)

L: LIGO Livingston, H: LIGO Hanford, V: Virgo
K: KAGRA, I: LIGO India

BH-NS (NS-NS)@200Mpc




Rate (counts s keV™)

Two component prompt emission

3400 - standard Goldstein+
Main Peak (2017)
. . ~ o 3200 Soft Tail
Main peak: E,, = 185 keV 27| 10300y
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Off-axis? early X/radio afterglow

As of Oct 16, on-axis short GRBs were disfavored

and an off axis Jet offered a natural mterpretatlon

. GRB 170817A

0~ 0.00,
— I() ohs — 0 500
— Oy = 1.06
Hubrs = 2'09[]
{)ubrs = 4'00[]
N '90}}!:'- = ?8590
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GRB130603b
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Late rise due to relativistic beaming

Emission from relativistically moving material is
concentrated (beamed) within an angle of 6 ~ 1/T

Jetw/T I%

- Observable throughout
Emission mechanism: 0 ~1/T

nonthermal synchrotron

Usual GRB observer

Off-axis observer

Observable only after
the jet is decelerated to
[ < 1/HObS

2019/2/18 VHEPA2019 87




Cocoon with a chocked jet?

When a jet interact w/ ejecta (macronova/kilonova),

the energy is d|5$|pated and hot materlal
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oreaks out

Prompt
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Case of a magnetized jet

Similar emission may be expected even if the

central engine Was a massive remnant neutron star
<107
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Seemingly satisfactory

Blue kilonova/macronova may also be explained
If so, GRB 170817A was not a typlcal short GRB

| © Radio data (3 GHz)
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Prerequisite: very fast ejecta

This cocoon model requires ~ 1077 — 107°M
with > 0.5 — 0.6¢ for successful prompt emission

 dynamical mass ejection? (e.g., Hotokezaka+KK+ 2013)

It is unclear whether such a fast component can be
ejected particularly toward the polar direction

* merger shock breakout from ehock breakout

neutron stars? (Kyutoku+ 2014)
Seriously? This model itself might

also explain the X/radio emission
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Multi-wavelength observation

X-rays also brightened after Sun’s 100day constraint

t=2.34 days
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Neutrino emission

As bright as supernova explosions

: Electron v
- Electron anti-v ==---
Heavyv

Reflect equations of state

Directly detectable

Luminosity [l()53 erg/s]

neutrinos are extremely

rare, but they could
affect various aspects
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Neutron star

. A NEUTRON STAR: SURFACE and INTERIOR
Remnant of massive stars N a0

(mass range is uncertain)

MOStly COﬂSlStS Of neutrons [\ *—— ATMOSPHERE

ENVELOPE

CRUST

1.4 solar mass, ~10km it

INNER CORE

The density is higher than
nuclear saturation values

“a huge nucleus”

Arena for nuclear physics
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Neutron-star matter

Cold, high-density, highly neutron-rich matter
also could be magnetized up to ~1017G (10'3T)
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Neutron star equation of state

Note: not need to observe the radius, and other quantities may be fine

We want to know the realistic equation of state,
that uniquely determines the mass-radius relation

Equation of state: Nuclear physics
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Maximum mass of neutron stars

Put a robust constraint on equation-of-state models

Generally, g
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0.5F
... hot so preferred
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Maximum mass from GW170817

Upper limits are proposed based on assumptions
* Optical emission rejects magnetar models
Margalit-Metzger: < 2.17Mq

Shibata+KK+: 2.15 — 2.25M;,

* A GRB jet launch calls for gravitational collapse
Rezzolla+, Ruiz+: < 2.16 M5

| do not think any argument is strongly convincing,
but similar values are inferred anyway



Quadrupolar tidal deformability

Leading-order finite-size effect on orbital evolution
(strongly correlated with the neutron-star radius)

Ao 2\> 2 [c2R\’ s
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GM 3 GM

k~0.1: (second/electric) tidal Love number

External
Qij = —A&y field

1 02
Q;; = jp (xl-xj — §x25ij) d>x Eij = ext

2019/2/18 VHEPA2019 100




<

10000

1000

100

2019/2/18

M — A relation

I 1#1 LI

l |

R(1.35Mg ), A(1.35M)
I I I

13.7km, 1211 1.5H ——

13.0km, 863 1.25H = - - -
12.3km, 607 H
11.6km, 422 HB

: N 11.0km, 289 B =+=' -
- .,\" .~ i
- N, - -
\,’ |
_ .
\:
I | N
1 1.2 1.4 1.6 1.8
M [Mgyn]

VHEPA2019 101

2



Definition of parameters

Total mass M = m; + m,

Reduced mass u = mym, /M

Chirp mass M. = u3/>M?/>
Symmetric mass ration = u/M
Binary tidal deformability (m,; < m,)

_ 8
A = 3 [(14 77 —311n2) (A1 + Ay)
—J1—4n(1+ 97— 1172)(A; — A)]




Tight correlation of A — M.

m=m, for the equal-mass case [My,,]

GW-measured A is ST -
.15 1.2 125 1.3 135 14 145 15 155 1.6

tightly correlated Moss o 0 T n o ]
. iati 125H O
w/ the chirp mass i o
HB
1000

B O '
AM =215, )is <

effectively constrained

GW170817:
M, = 1.188Mg
q=0.7-1

100
>13km is not favored F
1 1.05 1.1 1.15 1.2 1.25 1.3 1.35 1.4

Mc [Mgynl
2019/2/18 VHEPA2019 103



