Koutarou Kyutoku (KEK, IPNS)

Gravitational wave lasted o{/ef'_'1 00 s:e‘t:gr’ids '

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.
2018/1/17

FIRST CosmIC EVENT OBSERVED

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

170817

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,

e and provide clues to the origins of
B, \\heavy elements like gold and platinum

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 Iight years distant.
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- Test of general relativity
- Short gamma-ray burst or not? (GRB170817A)



1. Gravitational waves
from binary black holes



Nightly sky as our eyes see

http://www.eso.org/public/images/potw1333a/
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Multi-wavelength sky
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Toward multi-messenger astronomy

strong / opaque
Strong interaction: (strong but short-range)

Electromagnetic interaction: electromagnetic waves

Signals are strong but also hidden very easily

Weak interaction: neutrino

Another interesting messenger, particle physics

Gravitational interaction: gravitational waves

Signals are weak but extremely penetrating

weak / transparent

2018/1/17 Tsukuba Unstable Nuclei Seminar 6



LIGO detector

Measures the propagating strain of spacetime, i.e.,
gravitational waves, with the precision of < 104!

Noise IeveI at the flrst observmg run

Test (b) i o Hl ]
Mass 1072 | — .
Location of two LIGO detectors _ : z
Hanford, WA N :
Livingston, LA "i E % F
i N
Iﬁ\ a [T
h I \‘ l 10-23 -
+ I\Iissts 20 100 1000
- -~ Frequency (Hz)
g RN Power Beam
( 7/ Recycling Splitter <« Ly=4km > .
~< ) - . a :I [ LIGO&Virgo
\ Laser 20w 1 :; 100 kW Circulating Power (2016)
! > Test Test
\ / ouree Signal MEa.Sss . . Measss
vy Recycling—F— Schematic picture of
~ "‘ Photodetector . .
Michelson-Morley interferometer
2018/1/17
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The fi rst event: GW1509 1

Merger of
two black holes

http://apod.nasa.gov/apod/ap160211.html
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Parameters of GW150914

* Masses of individual stars are measured
- even at 400Mpc (Milky way is only ~10kpc)
* The luminosity distance is measured directly

Primary black hole mass 36M
Secondary black hole mass 29ij o
Final black hole mass 625 M
Final black hole spin 0.67 00
Luminosity distance 1Mpc:§;n ;'(')‘i’;fff: yeer 41():1?(? Mpc

- Obtained from the luminosity distance 10.03
Source redshift < using Planck cosmology ... not important 0'09—().()4
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Summary of binary black holes

We saw many heavier-than-expected black holes

Masses in the Stel
- low metal pop I/II?

isolated binary?
dynamical capture?
- pop Il (first stars)?

- primordial origin?

statistics necessary

https://www.ligo.caltech.edu/system/avm_image_sqls/binaries/91/original/Mass_plot_black_no_gap.jpg?1508029040



Gravitational-wave detector network

:U=tokyo.ac.jp/wp-content/themes/Icgt/images/img_abt_lcgt.jpg

-

P

Advanced LIGO (Hanford USA)
another at Livingston

https://www.advancedligo.mit.edu/graphics/summary01.jpg

http://virgopisa.df.unipi. |t/$|tes/V|rgo Hea-cumi Zit.virgopisa/files/banner/virgo.jpg
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GW170814 (not 170817)

Simultaneous detection by LIGO twins and Virgo
Hanfqrd . | Livingston | . Virgo |
2 N A : ' 'Weak ... coincidence |

Frequency [Hz]
|

Whitened Strain [10'21]

O 1 1 | 1 1 | 1 | 1 1 | 1
0.46 048 050 052 054 0.56 046 048 050 0.52 054 0.56
Time [s] Time [s] Time [s]
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Test of general relativity (skipped)

This event probes the strong and dynamical gravity

Small curvature scale (quantum somewhere)
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Yunes+ (2016)
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2. Gravitational waves

from binary neutron stars
(GW170817)



Neutron star binary coalescence

* 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”

2018/1/17 Tsukuba Unstable Nuclei Seminar
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Electromagnetic counterpart

EM radiation will accompany 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

N ejecta properties

L C :
o - ejection mechanism

- I'-process element

Berger (2014)



Short gamma-ray burst (skipped)

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

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

deaths of massive stars

Short-hard: < 2s
neutron star binary merger?
rigorous confirmation needs

gravitational waves [ naies

http://www.daviddarling.info/images/gamma-ray _ bursts jpg
2018/1/17 Tsukuba Unstable Nuclei Seminar



Proton number (Z)

r-process nucleosynthesis

Synthesize heavy, neutron-rich elements (Au, Pt...)
r = rapid: neutron capture faster than beta decay

(\E . need very dense and

sof N U T 8 neutron-rich matter
- N, } oo -
RO ._ ) e:&m o T

of By KUY AP R - supernova explosions
I ’0;3 a2 0 - e - 1.0i | .

w0 S0 s 1 now seem to fail to
‘ ol :

=+ achieve r-process

Sneden+ (2008) :zﬁs. ]

Neutron number (N)

2018/1/17 Tsukuba Unstable Nuclei Seminar 18



Neutron star

A NEUTRON STAR: SURFACE and INTERIOR

Remnant of massive stars

(mass range is uncertain)
Mostly consists of neutrons e
1.4 solar mass, ~10km

The density is higher than
nuclear saturation values

“a huge nucleus”

Arena for nuclear physics

2018/1/17 Tsukuba Unstable Nuclei Seminar
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Neutron-star matter

Cold, high-density, highly neutron-rich matter
also could be magnetized up to ~1017G (10*3T)

Temperature 7

‘——— 77777
-
- =
-

o S
-

@olorSuperconductor:s

X CFL-K, Crystalline CSC _ _ '
Meson supercurrent Baryon Chemical Potential us
Gluonic phase, Mixed ph o :

uonic phase, Mixed phase density

2018/1/17 Tsukuba Unstable Nuclei Seminar 20
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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 Mass-Radius relation: Astrophysics
2 F T 1 - t |. T T t 3-{]
| —mn Ozel-Freire
[ e APT-4 =
°F — wrr13 (2016)
| m— SOM1-3
41— (G551-2
r =— BBB2
oL — BGNIHI
m—— BEKT19-21

—— BPAL12

Pressure (MeV fm™)
Mass (M)

2018/1/17 Density (fm™3) Tsukuba Unstable Nuclei Seminar Radius (km) 21



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)

15

14

0.15 [
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I 13 0.05 |
£ of
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11 ~0.15 -'. | | | | |
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Encoded physics

o . Remnant massive NS:
Early inspiral: mass, sp.)ms.-.. extreme temperature/density
»~——~ Lateinspiral and merger: Ringdown: GR

‘ tidal deformation, NS EOS
A

ZG;E_AAMMMM
:(501; UUUUUUUUH

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-om @
/ 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

/

/

> &

Small-mass disk  Large-mass disk

[See e.g., Hotokezaka+KK+ (2013)]
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GW170817

detections/GW170817.ph

https://pbs.twimg.com/media/DOyV7PVVoAAKRZN.jpg

The longest BH-BH waveform is only ~2s (so far)

The NS-NS, GW170817, was detected for >1min

1 2 3
time observable (seconds)

LIGO/University of Oregon/Ben Farr



http://www.ligo.org/detections/GW170817.php

Spectrogram

Normalized amplitude

0 2 4 6
] I
LIGO twins observed s00

clear “chirp” signals, i.e.,

100

gravitational waves with 50
increasing frequency

and amplitude in time

Frequency (Hz)

But Virgo did not see...
-> the source should be

at Virgo’s blind spot!

-30 -20 -10 0
Time (seconds)
2018/1/17 Tsukuba Unstable Nuclei Seminar LIGO&Virgo (2017) 26



Sky map and localization accuracy

GW170104

LVT151012

GW151226

GW170817
Improved with Virgo!

GW150914

LIGO/Virgo/NASA/Leo Singer

GW170814
(Milky Way image: Axel Mellinger)

Improved with Virgo!
http: //www ligo.org/detections/GW170817/images-GW170817/01-02-skymaps-white.jpg
2018/1/17 Tsukuba Unstable Nuclei Seminar 27



Electromagnetic followup

GW LIGO, Virgo... (2017)

LIGQ, Virgo

y-ray

Fermi, INTEGRAL, Astrosat, IPN, Insight-HXMT, Swift, AGILE, CALET, H.E.5.S., HAWC, Konus-Wind

X-ray

Swift, MAXI/GSC, NuSTAR, Chandra, INTEGRAL

uv —o—

Swift, HST

Swope, DECam, DLT40, REM-ROS2, HST, Las Gumbres, SkyMapper, VISTA, MASTER, Magellan, Subaru, Pan-STAR

HCT, TZAC, LSGT, T17, Gemini-South, NTT, GROND, SOAR, ESO-VLT, KMTNet, ESO-VST, VIRT, SALT, CHILES
BOOTES-5, Zadko, iTelescope.Net, AAT, Pi of the Sky, AST3-2, ATLAS, Danish Tel, DFN, T80S, EABA

IR

/.
11 BT

REM-ROS2, VISTA, Gemini-South, 2MASS,Spitzer, NTT, GROND, SOAR, NOT, ESO-V/ nata Telescope, HST

Radio

ATCA, VLA, ASKAP, VLBA, GMRT, MWA, LOFAR, LW MA, OVRO, EVN, e-MERLIN, MeerKAT, Parkes, SRT, Effelsberg

100 -50 050 10?2 10" 0°

5 (s) t-t, (days)

2018/1/17 Tsukuba Unstable Nuclei Seminar



Transient and host galaxy

The kilonova/macronova and associated host galaxy

are successfully discovered [~

by various telescopes

Day 1.17-1.70

Utsumi+ (2017)

Day 7.17-7.70

Observed magnitude

Color
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Gravitational-wave cosmology

Hubble’s constant is determmed in @ novel manner

0.04 H

|
|
|
|
|
I
I
|
I
|
0.03 - |
|
I
|
|
I
I

0.02

p(H, | GW170817) (km™ s Mpc)

0.01 4

0.00

Planck
SHoES

CZ =V = HOD
z: redshift from the host ga
D: distance from gravitation

ESee also
Seto-Kyutoku (2017)
arXiv:1710.06424

Hy = 70+12 km s~! Mp¢

I

I
90 60

LIGO&Virgo+ (2017)
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Hubble tension?

GW-EM can examine this 3.4sigma~9% discrepancy

80 - T 1t ] Tt 1 T T 1 T T T 1T 1 T ]
_ KP SH ES Freedman (2017) | adapted from
- +{ Beaton+ (2016)
CHP
—_ B T SHoES =T ]
| - SH,ES |
Q 75 0=
Q | m g N d
= i A - .
o [® 4 uml :
€ o L | A& AwmAPY -
= | WMAP3 L |
o | WMAP5 I
T - Az
u . _ WMAP7 -
i WMAP1 P15+BAO
65 - e N
. L Il Distance Ladder A ACDM .
| | | I | | | | | | | | | I

2000 2005 2010 2015
Publication Year
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mz Mo

Constraints on parameters

The NS radius may be smaller than ~13-14km
- this can be made tighter with better waveforms

3000

1.4
. x| <0.05
s Blue: astro. realistic
' B (x| <005 25001 \
1.2 B (x| <089 . \
Red: conservative 2000 1 5
1.1 22y
Mass rat. 0 . . : %, Less Compact
1.0 variation chirp mass < 1500 1 &,
- M variation iy
| 1000 P
- \ Alore Compact
o Mass : ) MoreC
500 X tldal
0.7 | |
- BH-BH deformablllty
0.6 | I
125 150 175 200 225 250 275 ; 1000 1500 2000 2500 3000
my [Mg] LIGO&Virgo (2017) A
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Definition of parameters

Total mass M = m, + m,

Reduced mass u = mym, /M

Chirp mass M = u3/>M?/>: accurately measured!

Symmetric mass ration = u/M: not very accurate...

Binary tidal deformability (m; < m,)

. 8
A= 13 [(1+ 70— 31n%) (A1 + Az)
_\/1 —4n(1 4 9n — 11n*)(A; — Ay)]

2018/1/17 Tsukuba Unstable Nuclei Seminar
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Quadrupolar tidal deformability

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

Ao 2\> 2 [c2R\’ s
p— — e — —_— OC
GM 3 GM

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

External
Qij = —A&y field

L= : ._l 285:.1d3 —
Ql]— ,0 xlx] 3X lj X gl]=

2018/1/17 Tsukuba Unstable Nuclei Seminar




Representative example of EOSs
R(1.35Mg ), A(1.35M)
I I I

10000 E :
Z 13.7km, 1211 1.5H ——
N 13.0km, 863 1.25H - = = « -
WD 12.3km, 607 H :
< 1000 F O~ 11.6km, 422 HB
£ I 11.0km, 289 B ==
: "\" - o
I < .
. N,
\"
\:
100 | | ‘S~
1 1.2 1.4 1.6 1.8 2

M [Mgynl

2018/1/17 Tsukuba Unstable Nuclei Seminar 35



Tight correlation of A — M.

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

GW-measured A is ST o
1.15 1.2 125 1.3 135 14 145 15 155 1.6

tlghtly Correlated I\/Ilass r:ljtio | | | | 1|5H IO .
. iati 125H O
w/ the chirp mass —en ;
HB
1000 [

B O '
AM =215, )is <

effectively constrained

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

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

Mc [Msun]
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Only upper limits?

Information at high frequency is crucially important
foin = 10Hz, p = 50
800

M4 =25M, A=0 ——

M4 =27 M, A=0 —— -
M4 =29M_ A=0

- sun?’
3/5 v

MJ/(1/4)y"™ =25M, . A=1200 }

- sun?’
3/5 N

MJ(1/4)™ =270 Mg, A=1200 —

- low sensitivity 700 |

of detectors o

unreliable | M4 =29 My A=1200 ——
) 5400 ¢
theoretical 300 |
waveforms 008
Errorin A
: 100 | | |
-> our work ongoing Kawaguchi+KK+ (submitted)
0 | I I L |

400 500 600 700 800 900 1000

fmax [Hz]
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Theoretical waveform issue

The best analytic model so far is not yet accurately
reproduce numerical-relativity waveforms

0 1000 2000 3000 4000
S 02 ' | ' | ' | ' |
= |
'QN 0.0 \ ,
~
\Q_/ -0.2 &= | | | I | ‘
Q
rz 0.0
‘_6\ = -, -‘.-..:-‘::. ::;:::::.
e -10 ) N2
= - ad. tides 2PN Hinderer+kk+ (2016) — Sy N
S 20 == addesGSE T lh,,| peak %\
> - ——  dyn.tides |22 P N

_3.0 ] | l
4100 4200 4300 4400

(t—r)IM
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Postmerger information

The current limit ~ EGWpostmerger < Mtotalc

10" T T
LIGO — Hanford A A magnetar (mtennec]mte) - STA]\IP Zebragard [ E
LIGO — Livingston ¥ ¥ bar mode (intermediate) B STAMP : Lonetrack LIGO&VI rgo 1
Virgo B B BNS merger simulation (short) Bl -WB (20 17) 1
GEO600
l(]_2u — -
- [ :“ )’26‘5/” ) A : i
:N B TSl A A | o
: i |
=0 - A =
£ E 5 ! -!. e t il i :
= ; - ~“gw = 0. 1 AW 2 T 1T " T~k~< 1 | i
'E - R E PO r,_(’.) ‘ ‘ |"--..,___~- | | ]' 'h?
- - T e o " i i | | ‘ T I ﬂ ;h T
% i .____...-. ' N J ! NI\ it "-.._‘_- [ = .
E =001y, WihFr o
1022 Bt O BN(aET, . ' e )
HIEN 18] LSS VA A M %0 SR 1P ¥ 0 W — |1V LT YT L 5 Of i S -
102 ) BNS merger in NGC 4993 __
r 1 1 1 1 1 1 1 1 1 1 - il |:
10? 10°

Frequency [Hz]
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Stacking estimation

~tidal deformability
5

x =0
Uniform mass distribution
Uniform mass prior

R iy
. | | |IIII|I|IIII|I|||||III
1
|

I

OLLL |

A Note:"corre-ct-p:)rior-i's--highly-d-esire:zd ------------

Injected value SQM3
Injected value H4
Injected value MS1
95% CI SQM3

95% Cl H4

95% CI MS1

r
S

.
Il || : : :
- - i N
" Il T iy miginmnmnngnnnnpn i
| 1l |" “ ""“"I nimminmn L T LU L [T T T L T T
YL YT T LTI (L e
[[HE [T i S ;

gy |||||I||!'i“!|||||!|||||;!IIIIIIII" ____________________________________________________________________ .
I ||"|| I : : 5

I|!

Agathos+ (2015)
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3. r-process and

kilonova/macronova
(AT 2017gfo)



r-process element

https://en.wikipedia.org/wiki/Gold#/media/File:Gold-crystals.jpg

i Gold S, on a half of nuclides

16’

L

heavier than the iron
- the other half for “s”

Where in the Universe

are they produced?

https://en.wikipedi .org/wiki/PIatinum#/media;iIe:PIatinum_crystaIs.jpg
2018/1/17 Tsukuba Unstable Nuclei Seminar 42



0.1

Mass ejection from binary mergers

Successful at least for some binary models

s [kg]
02 03 04 05 10 20 50 100
EE 7

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

-Sekiguchi+KK+ (2015) ™"

how can we confirm this idea?

2

10 [ [ [ [ | [ [ [ [ | [ [ [ [ | [ [ [ [ | [ [ [ [
o » solar r-abundance

| 0-3 2 ° —— mass-averaged (x-y)

[E—
<
.

abundance
[
o
N

Wanajo+KK+ (2014)
10'8 oo e o e b b e

0 50 100 150 200 250
mass number
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Kilonova/macronova

Ejected material contain

radioactive r-elements %
Their decay heat the ejecta ﬂ,z/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

%i

Kisaka+ (2015)




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\ . IN . N
0 5 10
Days after GW170817
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Uniqueness as an optical transient

Consistent w/ kilonova/macronova

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

id di ' d reddeni
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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 | & kM2 2712

:tpea

Heating efficiency f and opacity kK — 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

But modeling is incomplete (quantum many-body)
250 T T T T 102 T T T T T T
mm Ndil (fshell)
Hl Fell (d-shell)
| 1 Snll (p-shell} || —
200 " 10°
) E
] L
E 150 > 10°
5 E
8 )
£ 100~ § 107t
e £
S
T -2
50~ = 10 — Nd (Z=60,fshell) |1
— Fe (Z=26,d-shell)
— Si (z=14,p-shell)
% 5 10 15 20 25 10° 5~ 2000 4000 6000 8000 10000 12000 14000
excitation energy (eV) Kasen+ (2013) temperature (K)
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Number of lines

[on Configurations Number of levels Number of lines  Subset 1  Subset 2°

Se I 4s24p*, 4s24p3(4d, Af. 5 — 81)¢, 4sdp®, 4sdp(4d,Af), 3076 073,168 2,395 654
452492 (4d?  AdAf, Af2), 4s4p3(4d?, 4dAf, 4f2)

Seln  4s24p3, 4s24p2(4d, Af, 5 — 81)°, 4sdp?, 4sdp3(4d, Af), 2181 511,911 1,978 584
4394p(4d2, 4d4f,4f2), 4s4p?(4d?, 4dAf, Af2?)

Semt  4s24p?, 4s24p(4d, 4f, 5 — 81)¢, 4s4p3, 4s4p?(4d, Af), 922 92,132 2,286 882
452(4d2, AdAf, 4f?), 4sdp(4d?, 4dAf, 4f2)

Ru1  4d75s, 4d®5s6, 4d8, 4d7 (5p, 5d, 6s, 6p), 1,545 250,476 49,181 20,350
4d®5s(5p, 5d, 65)

Run  4d7, 4d5(5s — 5d, 6s, 6p) 818 76,592 27,976 14,073

Ru i 4d®, 4d5(5s — 5d, 6s) 728 49,066 30,628 17,451

Te1  5s? p4 5s25p3(4f, 5d, 5f, 6s — 6f,7s — 7d, 8s), 329 14,482 410 348
535})

Ten  5s2 p3 5s25p2(4f, 5d, 5f,6s — 6f,7s — 7d, 8s), 253 9,167 705 569
535})

Te 1 5s25p2, 5s25p(5d, 6s — 6d, 7s), 5s5p° 57 419 249 227

Nd1  4f%6s2, 4f46s(5d, 6p, Ts), 4f45d2, 4f45d6p, 31,358 70,366,259 12,365,070 2,804,079
4£35d6s2, 4F35d2(6s, 6p), 4f35d6s6p

Nd 1m  4f%6s, 4f45d, 4f46p, 4f36s(5d, 6p), 6,888 3,951,882 3,682,300 1,287,145
4£3542, 4F35d6p

Nd 11 4f4, 4f3(5d, 6s, 6p), 42542, 4f25d(6s, 6p), 2252 458,161 303,021 136,248
4f2656p

Er1  4f126s2, 4f126s(5d, 6p, 6d, 7s, 8s), 10,535 0,247,777 443,566 129,713
4f11652(5d, 6p), 4f115d26s, 4f115d65(6p, Ts)

Er 11 4f126s, 4712(5d, 6p), 411652, 4f1165(5d, 6p), 5,333 2,432,665 1,713,258 489,383
f115d2 fll de

Er i 4f12, 4f11(5d, 65, 6p) Tanaka+ (2017) 723 42,671 41,843 16,787
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Theoretical uncertainties
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Mass fraction

lanthanide-free

TWO CompOnent? intermediate

Ianthanlde rich

T e
. . 16 | O
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: w.n wul “W“”M)W\;’ M "'W ‘MW#
. R N i WW Wikl A.M\\ .
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[ AN
late Ianthanlde is very Ilkely S S “"w op, '
100 1 T T T ' 3 ) : IV'WA”“WA i)Y % i HWM “h. l:xw'
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Theoretical understanding

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
Bk iwite 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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Kyoto group’s model

A moderately large maximum-mass of neutron stars

-> long-lived remnant massive neutron stars f]

-> strong neutrino irradiation S

Massive neutron star

-> light r-elements

-> blue kilonova!

Remnant’s lifetime
our model: >1s

Kasen’s model: <10ms

Viscosity-driven
¢jecta

Torus

Dynamical ejecta

Shibata+KK+ (2017)
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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



4. Future prospect
and summary



Future observation

KAGRA will join in 2020s and see GW polarizations...

Early mmMid Late  msmDesign
Observable range of binary neutron stars: 100Mpc=300M light years
60-80 60-100 120-170 190
Mpc Mpc Mpc Mpc
GO & E 0 e
25-30 65-85 65-115 125
Mpc Mpc Mpc Mpc
Virgo o2 0s L
25-40 40-140 140
Mpc  Mpc Mpc
KAGRA  LiGO&Virgo&KAGRA (2017) | -
] ] ] | | | | | |

2015 2016 2017 2018 2019 2020 2021 2022 2023
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Polarization

KAGRA will be importa nt to GrawtatylonaI—Wave Polarlzatlon

®©
investigate whether / \ / )
gravitational waves are really K // . /
transverse as GR predicts v o N
The number of available k/ \"/
detectors determines @ T “

-----

-
the number of constraints /"\
will 2014)[ /
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Summary

Gravitational waves from binary neutron stars
are detected and confirmed to be a genuine
event by followup electromagnetic observations.

The neutron-star radius is now constrained to
<13-14km via tidal deformability of <800.

Hubble’s constant is constrained independently.

The short gamma-ray burst-ish transient may be
associated with off-axis cocoon emission.

The kilonova suggests r-process nucleosynthesis.
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X. Short gamma-ray burst
(GRB 170817A)



Short-hard gamma-ray burst

Is this really caused by neutron star mergers?
http://www.icrr.u-tokyo.ac.jp/“qta/images/GRB.jpg "

-
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GRB 170817A

2500
2250 7

Lighteurve from Fermi/GBM (10 — 50 keV)
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Underluminous...

|

1055 3 T T T T T T T T T T T T T T T T T
F (isotropic-equivalent) luminosity of gamma-ray emission
1054 n @® o P
o0
53 | o® ’ —————— I T
& 1053 | O I ______
%’ i "% " ];L"‘
L 1052 ' 8 o~ Detection threshold vs redshift
= 51 _ $
S 10 ]
> I, Because this event was quite nearby,
2 1050 . .
o g I,-' the normal apparent luminosity
Eoqoel ] means the intrinsically low luminosity
: I
as | ,' ® Long GRBs
0% | Short GRBs 7}
-1 LIGO&Virgo, Fermi, INTEGRAL (2017) 4 GRB 170817A :
1047 * ) L L 1 A . ) 1 L ; ) ] ) A . 1
0

2 4 6 8

Redshift (z)
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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 yhe 0 nﬂg
I 0 ohs — 0 500
— s = 1.06,
Hubrs = 2*09[]
Oubrs = 4*00[]
N 9{_}}}5 = ?8590
J Snbs =1. 590
¥ SSS17a, XRT
S§§8817a, Chandra
GRB130603b

prewous SGRB
likely on-axis

\4

v
Vo
W

N=
Murgwa Berthler+ (2017) ‘
B 100 | 10l 102 103 104
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—i — —
Q 9 9
o (8] N

g i -

C 9 =080 0 = 15° Tr01a+ (2017)
v 7
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a

1

by

F | v
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- Multiband

E- explanation

L1 III L 1 L IIIIII 1 1 1 IIIIII
1 10 100

Time since gravitational-wave trigger (days)



Sy (Wly)

But ... 100-day radio observation

An ultra-relativistic top-hat jet seems to be rejected
oe a bit too strong)

(though this “ruled out” may

100

10

{ © Radio data (3 GHz)
| mm 6=10% n=25x10""cm™3, Ey =6 x 10°% erg

| 6;=15° n=10"* cm™3, Eiso = 3 x 10°° erg (from Margutti et al. 2017)

== 6,=20° n=10"°cm3, E,=1.5x 10°! erg

Mooley+ (2017)

lb 25 35 4b 65

Time (d)

g0 100

2018/1/17

A. On-axis Jet
SGRB and afterglow
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B. Off-axis Jet
SGRB and afterglow
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Cocoon with a chocked jet?

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

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

><10”

oreaks out

Prompt
“emission

Mooley+ (2017) \4
yrays

- |
Gottlleb+ (2017) ‘”“87/ \

Izi / Main peak

Soft tail

”LV [erg/s]

C. Choked Jet

4 712 -1 08 06 04 02 0 02 04 06 08 1 12 hi [keV]
r{o™ cmj
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Cocoon y-rays and afterglow
(Most likely)
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Sv (Hly)

Seemingly satisfactory

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

A
Q© Radio data (3 GHz) 1042_:_ Kasllwal+ (2017) ]
mmm Brax=0.8, E(>By)=5 x 105 (8y/0.4)~%, n=0.03 cm~3, £5=0.003 ~ 1 Reg UV/optlcaI/IR
m— Vax=3.5, E(>By)=2 x 1051 (By)~5, n=8 x 10~° cm~3, £;=0.01 g ) Rege.
m m Cocoon model from Gottlieb et al. 2017 o] O "
100 ! L oo
134 T T T T T - T B T T T
114 B
< 94
T 74
- 5\%%%%%%_
3-
. T TTTTTTeTReeeeS
T }%%%
c g4 -1
10— o @99%% C_
I 03-\§
V4 Mooley+ (2017) | «,.. oS5aan %ﬁ}
4 | | | ' I ' ' ; QDQ&TE %%%%ﬁ%%%%%%
10 20 30 40 60 g0 100 O
Time (d) 0o 1 2 9 10 11 12 13

Tirn GW1?0817 (d ays)
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Structured jet?

An ultra-relativistic jet is not necessarily ruled out
(though a cocoon-like component is required)

Lazzati+ (2017)

1072}

Flux density (m)y)

= 3GHz (x1.5)
6GHz ]

== R filter (x300)

= ] keV (x3000)

1073}

10" 102 103
Time since GW detection (days)
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X-ray at 100days

Fully consistent with radio, i.e., not requiring a jet

cocoon outflow model from Gottlieb et al. (2017)
— gjecta outflow model from Mooley et al. (2017)

| —— cocoon outflow model from Mooley et al. (2017)
—— structured jet model from Lazzati et al. (2017)

Ruan+ (2017)

10~ { Optical observations
| are also consistent

X-ray Fo3_gkev [€rg 571 cm™?]

10—15 -

10! R
Days after Fermi GBM trigger



Where is the short gamma-ray burst?

The gamma-ray emission of GRB 170817A may not
be a subclass of ultra-relativistic short-hard GRBs

- simply an ultra-relativistic and structured jet?

- missing the jet due to a large observing angle?

- dependence of success on binary characteristics?
- black hole-neutron star binaries are true origins?

The whole picture requires much more statistics ...
- long-term observations of this event is also useful



Implication to fundamental physics

The timing difference of 1.7s for GW-GRB at
40Mpc~4el5s gives us novel constraints on gravity

- intrinsic time delay is assumed to be 0-10s

* Constraint on the velocity difference
—3x1071 < (UGW — UEM)/UEM <7x10716
- disfavor modified gravity predicting vgyw # ¢

* Test of weak equivalence principle for GW vs EM

* Constraint on Lorentz invariance violation



2018/1/17

Tsukuba Unstable Nuclei Seminar

73



Black hole

Object with the strongest gravity in the world

f_fhttps //Ja W|k|pedta org/w1k|/%E3%83%96% 3%83%A9%E3 very b r|g ht in astrono my

%83%83%E3%82%AF%E3%83%9B%E3%83%BC%E3%83%AB
'l#/medla/Flle Black Hole Mllkywayjpg e -

- gamma-ray burst

— —_——

- active galactic nuclei

guantum phenomena?
- Hawking radiation?

- information loss?
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1.0
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0.5
0.0
-0.5

2018/1/17

Hanford, Washington (H1)

GW150914

Livingston, Louisiana (L1)

|— H1 cbserued|

_Obserlved da'ta

o = | ] observed
H1 observed (shifted, inverted)

_Agree'ment at two location!

' Theoretical model

L — MNumerical relativity
Reconstructed (wavelet)
W Reconstructed (template)
| | | |

— H — Numerical relativity
Reconstructed (wavelet)
I Reconstructed (template)
| | | |

— resiaual Residual

1

0.30

0.35 0.40
Time (s)

0.45 0.30 0.35 0.40
Time (s)

LIGO&Virgo (2016), filtered to 35-350Hz
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GW distance determination

Observed gravitational-waves are (schematically)

5/3 £2/3
h(t) =F(0,9,1,9Y) 5

d(t) = 2n(ft + ft2/2+ )

f — (96/5)7T8/3M5/3f11/3
The phase tells us binary parameters, e.g., the mass

cos|D(t)]

The amplitude can be predicted, and the distance D
is found (degenerated w/ the direction, inclination)
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Problem: degeneracy with the redshift

Signal frequency from z decreases to f /(1 + z)

General relativity does not have a scale, and thus
t->t(l+2), M > M1 +2),D->D(1+2)

makes both the amplitude and phase invariant

distant high-mass = near low-mass
- we can determine the luminosity distance

- but no cosmological redshift, in principle

[note: neutron stars could resolve this degeneracy]
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Redshift from the host galaxy

The redshift has to be extracted from host galaxies
by electromagnetic observations...

How can we determine the host galaxy? [Schutz 1986]
- Accurate localization by gravitational waves

This may be possible with space-borne detectors!
- Detect electromagnetic counterparts

short GRB, kilonova/macronova ... for neutron stars

not applicable to stellar-mass binary black holes



What we learned

Gravitational waves exist
and propagate as expected |,
Massive black holes exist

(strongest evidence) 322
Their binary merge S0
-1.0

within the Hubble time
o6

GR is reliable even for >0
strong, dynamical fields o3

Inspn’al

T — Numerical relativity

Reconstructed (template)
i i

Merger Ring-

I
|

down

| | = Black hole separation
=== Black hole relative velocity

|
0.30 0.35

0.40

0.45

O N WM
Separation (Rs)

Time (s) | |GO&Virgo (2016)
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What is curious

The black holes seems to be too (or a bit) massive

Stellar winds should have reduced the mass durmg

80 - -
the stellar lifetime... *I' Leosvirgo (2016 1

This challenges 60 _Upperlimit of  Weak wind i

formed BH mass i
50 —

- (unit: solar mass) i
40 -

the stellar evolution

I\"[bh,max D\IO}

Low-metallicity

.................

SLrong wind

+ weak stellar wind oL

OI |IIIIII | | |IIIIII | | |III
0.1 0.01

1
high metal (normal) 7/ 7. low metal
Abundances of metal = elements other than H/He, compared to solar values




Radiation-driven stellar wind

Photons emitted from the central region interact
with the surrounding envelope via line structures

For heavier elements, the stellar wind is stronger
because more lines give more frequent interaction

Thus, metal-poor stars tend to stay massive

photon
VeVl |

-> ejected as a wind
envelope element \

‘ momentum transfer
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Basic strategy

Compute post-Newtonian correction terms, say

d d
d_f: (d_f> [1+a2v2+a3v3+“']
’ t quadrupole

Usually, an expansion parameter is taken to be

2/3
=) =(%F)

A term at v2" or £2™/3 relative to the leading term
is called the n-th post-Newtonian correction




Post-Newtonian coefficient

Combination of GW 150914, 151226, and 170104
- every terms are consistent with general relativity

- these constraints will keep becoming tighter

Pi

03— 2.0 20— .
i ] 4+ 1 | | 41
02l | 15 15
1.0 ] 107 1
2t - 2t '
0.1 1 osl | 5| ]
< 0.0} | 0.0l | O e i K I o} P ol = =+ I
05l | —5] ]
_01 1 _2_ i _2_ 1
. ~1.0} —10 - Merger-part obtained by
. '_1.5_ _ _15_ _ . . . .
N iy 41 - 4 numerical-relativity sims.]
70PN T 0.5PN IPN 15PN 2PN 25pN® 3PN 3pN® 3.5PN By Bs Qo as y

Note: The OPN term = quadrupolar emission is much strongly constrained by binary pulsars
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Graviton Compton wavelength/mass

Massive gravitons travel slower than the light

2 2 4 2 .2
v_gz , mgc _ h“c
c2 E? AEEZ

Gravitational waveforms are distorted

The Compton wavelength 1, > 1.6 x 10'° km

Then the graviton mass m, < 7.7 x 107%° eV

- nearly strongest model-independent bounds
Note: “graviton mass” is a highly nontrivial quantity
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Maximum mass of neutron stars

Put a robust constraint on equation-of-state models

Generally, g
G
2.0 >

emergence of

J1903+0327

. . ga I SQMH1 PALE
EXOtIC partIC|es g ” Double I'IEE:%ITS!‘CL'I star gystems

tend to reduce the~ .|

maximum mass
0.5F

... hot so preferred

Demorest+ (2010), see also Antoniadis+ (2013)

0'07 8 9 10 11 12 13 14 15

Radius (km)
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Binary pulsar test with PSR B1913+16

Also known as Hulse-Taylor’s binary (found in 1974)

Pulsar: neutron star r\ \

emitting stable radio pulses /o

O farth

Nevtron 'W}/

~ Orbital period

~7.75hr
a,.av \ 300Myr to merger
af'o"’al

aVes

http://asd.gsfc.nasa.gov/blueshift/wp-content/uploads/2016/02/htbinarypulsar-1024x835.jpg
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HGR __
Pb

Observational confirmation

Orbital decay of PSR B1913+16 .

197}'{ G/ Py e [ 4+ E 2 E 4 @—1;}

568 \2n 24° 796" ) E

x (1 — e myma(my +my)~" {;E*i(j
derived originally in 1963(!) -
Consistent with GR prediction
within ~1 sigma error

But direct detection is important:

(roughly: number of orbital cycles)

Line of Ze

o Orbital Decay

Genera elallvily redictllo

1
1 Q 75 1980 1 98 1 9‘3(] 1‘3‘-3") (](]() H(]() r’()] E)
Year

propagation etc.



Neutron star binary coalescence

Now this is not a to-do list, but a done or ongoing list
* 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”



Difference from binary black holes

Presence of matter: “RHS” of the Einstein equation

- the Einstein equation for BH-BH was only R;,, = 0
Hydrodynamic interaction becomes important

- stellar deformation modifies the orbital dynamics
All the four interactions become important

- nuclear force determines the equation of state

- magnetic fields affect the dynamics and radiation
- heutrinos are emitted from heated material
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Triangulation by a detector network

Determine the sky position from timing difference

S .
Pt need multiple detectors
L 4 L Y d cos 0
td —

HV

LIGO&Virgo (2016)
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Parameters of GW170817

Low-spin: limiting to spin values observed for
Galactic binary neutron stars that merge within the
Hubble time (with some safe margins)

High-spin: as far as GW models may be applicable

LIGO&Virgo (2017) Low-spin priors (|y| < 0.05) High-spin priors ([y| < 0.89)

Primary mass m; 1.36-1.60 M, 1.36-2.26 M,
Secondary mass m1, 1.17-1.36 M 0.86—-1.36 M,
. " 0.004 0.004
Chirp mass M 1188500 M 1.188 00 M

Mass ratio mi, /m; 0.7-1.0 0.4-1.0
Total mass i 2743801, 28208M,
Radiated energy E,. > 0.025M,c* > 0.025M ,c?
Luminosity distance D; 405, Mpc 401%, Mpc
Viewing angle © < 55° < 56°
Using NGC 4993 location B < 28° <28°
Combined dimensionless tidal deformability A < 800 <700
Dimensionless tidal deformability A(1.4M ) < 800 < 1400
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Shape of mass constraints

Gravitational waves tightly constrain the chirp mass
3/5.,,3/5

M = 1 2 — 3/5M2/5
(my + my)t/5 3

But the mass ratio (e.g., g = m,/my; < 1) tends to
be degenerated with the spin of components,

cS;
Xi=—7 (=12

Gm;

The error in g appears large particularly for nearly
equal-mass systems like binary neutron stars



Action for orbital and hydrodynamics

Orbital motion

Sorb = j[z (7% + r* g02)+—]dt

Stellar oscillation (for each mode)
Sosc = f4/’la)2 (QYQ;; — w?QYQ;;)dt

Interaction

1 ..
Sint = —ng”gijdt



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,)

iy 3
A= 13 [(1+ 70— 31n%) (A1 + Az)
—T= (1 + 9 — 1172 (A, - Ay)




LIGO, Virgo...

Electromagnetic followup 2017)

500 ormi/GBM S

400 JUICTORRVIET f""‘ ..... esoNTT
300 W W«\ SOAR
v ESO-VLT

For the first time

counts/s (arb. scale)
normalized F,,

6 400 600 1000 2000
wavelength (nm)

| come to think that W

LIGO, Virgo
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Author list

>3,000 ppl was involved (well deserved | believe)
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Transient and host galaxy

First found by Swope Supernova Survey (not this)

GW170817 GW170817
DECam observation DECam observation
(0.5-1.5 days post merger) (>14 days post merger)

Faded -> transient!
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J-GEM observation

Japanese observatories, for example Subaru/HSC,

took well-sampled images "——

—
- R+—e
2 (¢] —®—
I - I;}—.—¢
$ 18} ] z _
2 [ . ! * s 5
Day 1.17-1.70 Day 7.17-7.70 E . K
g ol ¢ ]
@ - 3
(@]
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20 | _
o [ T T ]
5 I a
. g ofF . o e & 2o & ° . z-J ]
Utsumi+ (2017) z-K o
. H-K e
0 5 10 15

Days after GW170817
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Scenario confirmation

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

0 Goldstein+ (2017) Hard spectrum

.: . . Short

10tk E s s Long
[ ]

140, GRB 170817A

120+
100+

80t
10%}

Number

60

Spectral Hardness

40}

20+

10

101 10° 10! 10° 10°

=1 v} 1 2 3
Too [S] 10 10 10 10 10

i iSSi Soft spectrum
Duration Of ernISSIOnTsukuba Unstable Nu 3
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Energy Flux [erg / (cm? s)]

Other high-energy emission

Mostly upper limit for >MeV gamma and neutrinos,

and Fermi/LAT put an upper limit on

y at late

times

Abda||a+ (2017) Fermi-GBM detection of sGRB :

50 < E < 300 keV
(GCN 21528, Goldstein et al. in prep)

e

INTEGRAL detection of sGRB
75 keV < E < 2:-MeV
(GCN 21507, Savchenko et al. 2017)

K2

Fermi-LAT limit (95% CL)
in 0.1 <E<{1 GeV

GW170817 detection
GCN 21509,
PRL119(2017) 161101

(Fermi-LAT 2017 in prep.) | 528 >

T T

VLA/JAGW A
2 - 4 GHz,

SSS17a detection
announcement
(GCN 21507, Coultd

H.E.S.S. upper

77
059"

3 0.31-2.88 1

T

R Radio detection
Mooley et al. (2017)

retal. 2017a)

limits (95% CL)

06 1

| L L
10° 10° 10*
Time since detection of GW170817 [s]
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South Atlantic Anomaly

Sensitivity is not good, LAT was not available

30°N

B GBM SAA
LAT SAA ||

N Fermi-LAT (2017)

15°N

[GRB 170817A]

/

15°S

30°S
60°W 30°W 0° 30°E
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Rate (counts s keV™)

Two component prompt emission

3400 ;ta.”dsrdk Goldstein+
ol 2017)
. . ~ .8 3200 Soft Tail (
Main peak: E;, = 185 keV 27| 10300y
Soft tail: kzT = 10 keV & 2800
. o V4 é 2600
not necessarlly Compact 2200
— 31 [of R S SR
I’ > 2 — 3 is sufficient 7200
Time Since TO
1 g e . !
= = ot
1.00L NA 020 4 @ NAI_02
NAI_05 ¢ " 1.0:— NAI_05 ¢ E
n - . = 1
10k T ] £ T-
i _ i 3 | . T__
F Main peak: Y Soft tail: W_
001E power law + exp. cutoff 7 &% = blackbody T
. g_ L _l:“ + —= - g m g' .
CED _.......'.z._ —__|=_—,_‘=m_ | - o TP 1T WP A I —l: %
10 100 1000 10 100
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The closest short gamma-ray burst

Among the short GRBs with measured redshifts

- | | | | | | | | |
140 © I Median of Elliptical -
g short GRBs Iptica ]
12 8 Star-forming -
Fong+ (2017) Total
10
(Z) = 0.46
é 8- D = 40*3, Mpc from -
3 gravitational waves (90%)
61 consistent with z = 0.01 7
4 -
2 -
LMWL, | o

0 025 05 075 1 125 15 175 2 225 25 2.75

Redshift
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Distance-inclination degeneracy

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

-0.4
mm GW170817
LVC+ (2017) Planck
_o.5 | see also Mandel (2017) i SHoES | 120
///// \‘—"//—\\7
-0.6 - /,’/ ///
y / [ 130
3 5o _~PDF from LVC21 < 55° _
(@] ’ // /// t
// //// =140
-0.8 - /
/1< 28° if we
y L 150
~0.9 4 adopt a distance
’ L 160
from NGC 4993
L 170
=10 ‘ T 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




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
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y [x10" cm]

y [x10" cm]

Case of a magnetized jet

Similar emission may be expected even if the
central engine was a massive remnant neutron star

log10(p) ><1Cf17‘

0.5 1 1.5 2 25 3 35 4 45 5 55
t e [s]
‘nhs

Ieobs = 36_
Ieobs = 36‘
Deobs = 467

—t<3.7s
7L —t>37s

Bromberg+ (2017)
0.0 < : 178 ‘ s ‘ R
0.0 0.3 0.6 0.9 1.2 0.0 0.3 0.6 0.9 12 1d 1 16

X [x10™ cm] x [x10'" cm] v [keV]
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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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Scaled Flux + Constant

Rapid reddening of the spectrum

et

McCully+ (2017)
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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

2018/1/17

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)
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High-energy neutrino upper limit

GW170817 Neutrino limits (fluence per flavor: v, +7,)

. . 103 ¢ +500 sec time-window | 3
No neutrino event with | L ;
. . . (TT Auger
time/space coincidence 5 0} wecu — T
S 10°p 07 - ‘
(E 10~k 40/:/ ______ N g]émggilgait.;
No model is rejected L
optimistic - prompt ]
(except for on-axis ones) | —
2 [ | Auger

Analyses by SK/KamLAND ¢ | e i
o 101k : ays _
are both ongoing ~ | Albert+(2017) e ]
14 day time-window 3 days

1073

102907 107 105 10° 107 105 107 10™ 10!
E/GeV



Why don’t you observe neutrinos?

| know it is a reckless attempt, but arXiv:1710.05922

Detectability of thermal neutrinos from binary-neutron-star mergers and implication
to neutrino physics

1,2,3.4

Koutarou Kyutoku and Kazumi Kashiyama®

We propose a long-term strategy for detecting thermal neutrinos from the remnant of binary-
neutron-star mergers with a future M-ton water-Cherenkov detector such as Hyper-Kamiokande.
Monitoring 2 2500 mergers within < 200 Mpc, we may be able to detect a single neutrino with a
human-time-scale operation of &~ 80 Mt vears for the merger rate of 1 Mpc™* Myr~!, which is slightly
lower than the median value derived by the LIGO-Virgo collaboration with GW 170817. Although
the number of neutrino events is minimal, contamination from other sources of neutrinos can be
reduced efficiently to &~ 0.03 by analyzing only &~ 1s after each merger identified with gravitational-
wave detectors if Gadolinium is dissolved in the water. The contamination may be reduced further
to &~ 0.01 if we allow the increase of waiting time by a factor of ~ 1.7. The detection of even a
single neutrino can pin down the energy scale of thermal neutrino emission from binary-neutron-star
mergers and could strongly support formation of remnant massive neutron stars. Because the mass
of gravitons are now securely constrained to < 10722 eV /c? by binary-black-hole mergers, the time
delay of a neutrino from gravitational waves can be used to put an upper limit of < O(10) meV /c?
on the absolute neutrino mass in the lightest eigenstate, Large neutrino detectors will enhance the
detectability, and in particular, 5 Mt Deep-TITAND and 10 Mt MICA planned in the future will
allow us to detect thermal neutrinos every = 16 and 8 years, respectively, increasing the significance.
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Dark age of binary neutron star merger

What is ongoing in

the 1.7s delay between
gravitational waves
and gamma rays?

- black hole formation?

- magnetar?

Only neutrinos could be .
possible messengers
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