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Brief picture
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Inspiral Gravitational waves from
NS-mergers

Ref: K. Hotokezaka et al. 2013
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Gravitational wave detectors
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Electromagnetic Counterparts
to NS binary mergers

: ; Jet=ISM Shock (Afterglow)
* Various transient EM counterparts Optcal (boursdays)
that asscociate NS binary mergers: ’

Ejecta—ISM Shock

e Radio (years)
o short-hard gamma-ray-burst <5/
» Afterglow (=1 N
e COCOON emission I&,“"P"".L .
 kilonovae/macronovae Merger Eiecta
Puaa e v

radio flare, etc.

« Host galaxy identification, remnant T <> @ Q

properties, environment X\

Ref: B. Metzger and E. Berger 2012

e Possible main synthesis site
of r-process nuclei in the universe




Observed GW events

LIGO-Virgo: observation
(FAR<0.25 yr-1):

BBH (BH-BH): 63
BNS (NS-NS): 2

GW170817, GW190425
NSBH: 1(3)

(GW200105), GW200115
(GW190814 —BBH?)

O3a

Cumulative detections
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GW170817: GW+EM detection
from a NS-NS (BNS) merger

Gravitational waves EM counterparts
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LIGO, Virgo

y-ray

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

X-ray

Swift, MAXI/GSC, NuSTAR, Chandra, INTEGRAL

uv

Swift, HST

Optical

Swope, DECam, DLT40, REM-ROS2, HST, Las Cumbres, SkyMapper, VISTA, MASTER, Magellan, Subaru, Pan-STARBS
HCT, TZAC, LSGT, T17, Gemini-South, NTT, GROND, SOAR, ESO-VLT, KMTNet, ESO-VST, VIRT, SALT, CHILESCOF
BOOTES-5, Zadko, iTelescope.Net, AAT, Pi of the Sky, AST3-2, ATLAS, Danish Tel, DFN, T80S, EABA
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LIGO-Livingston

REM-ROS2, VISTA, Gemini-South, 2MASS,Spitzer, NTT, GROND, SOAR, NOT, ESO-VLIKanata Telescope, HST
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GW 17081 7:Constraints on
binary parameters

Masses of the binary components Tidal deformability NS mass - radius relation
2 5 5

e C .o =TT oo RNS
S 00\ e Uis e

induced quadrupole tidal field

2000

TaylorF2
= PhenomDNRT
—— PhenomPNRT
—— SEOBNRT

15 1.6 1.7 L8 5 ! 75 1000 1250
my (M) /

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

Ref: Ll GO/Vi rgo 2017’2018 Binary inclination 6~ 146725 deg 152731 deg

Binary inclination 0;n using EM distance constraint [104] 151715 deg 153713 deg

Detector frame chirp mass M?°* 1.197570:090 T Mg 1.197670 0002 Mg
Chirp mass M 1.18610-991\ 1.18612-991M
N e —3/5 M Primary mass m, (1.36, 1.60) M (1.36, 1.89) M
ot mel) Glebiy Secondary mass ma (1.16, 1.36) (1.00, 1.36) Mo
Z 2-3Mchirp ~ 272 /\46) Total mass m 2737001 M, 2771022 Mg
Mass ratio ¢ (0.73, 1.00) (0.53, 1.00)
(0 S 77 S 1/4) Effective spin Yo 0.00fg'_Bf 0-02f8:8§

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 3001559 (symmetric)/ 3007520 (HPD) (0,630)



Off-axis GRB+Afterglow observation

Prompt Emission
LIGO/Virgo/Fermi/INTEGRAL 2017

ar®

Radio afterglow Simultaneous detection of
o JuOGInlvtniﬁ (0.65 GHz) Gamma ray burSt:

MeerKAT/VLA (1.3-1.5 GHz)
VLA (3 GHz)

ATCA (7.25 GHz)

VLA (10 GHz)

N\CY%CX o v

Prompt emission:
~1.7 s after the GW trigger
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Epeak NZOO keV

Lightcurve from INTEGRAL/SPI-ACS

“n
= 120000 1 (> 100 keV)

3 117500

40 100
Time post-merger (days)

i~ 1047
Mooley et al. 2018 Eiso ~ 1047 erg

Afterglow emission
Radio observation (VLBI) in radio - optical - X ray bands:

consistent with
230 days an off-axis jet model

Radio observation with VLBI:

/ n=10"-5x10%cm?

E =10 - 10%erg

Dec offset (mas)

Superluminal motion of the spot
Bapp~4.11£0.4

— existence of relativistic
components

RA offset (mas)

Mooley et al. 2018



AB absolute magnitude
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AT201 7gfo: Kilonova

Data: Summarized in Villar et al. 2017

Infrared :
~~10days

8 9 101112131415 16
t [day]

Blackbody + Sr11
=+ Blackbody

Optical & Near Infrared transient:

Consistent with a Kilonova emission
with multiple ejecta components

(see e.qg., Kasliwal et al. 2017,
Cowperthwaite et al. 2017,

Kasen et al. 2017, Villar et al. 2017,
KK et al. 2018, 2019)

|[dentification of Host Galaxy:
(NGC4993: ~40 Mpc)

Probable identification of Srll line:
(Watson et al. 2019, Domoto et al. 2021)

4000 5500 7500 10500 14500 20000 Watson et al. 2019

Observed wavelength [A]



Physics with GW+EM MMA

Hubble parameter constraint

—— p(Ho | GW170817)
Planck’

SHoES*®

Ref: LIGO/Vlrgo 2017
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Constraint on GW propagation speed

Av
3x 107 < T2 <47 x 10716
VEM

AU — UVagWwW — UVEM

Ref: LIGO/Virgo/Fermi/INTEGRAL 2017

Lower limit for the NS tidal deformability
(e.g., Radice & Dai 2018, Kiuchi et al. 2019)

IOg (]\'[disk / M, ® )

O BHBA¢ LS220
1 DD2 $ SFHo

A IOg ( ]\’[disk / ]\J@ )
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Upper limit on the NS maximum mass
(e.g., Margalit & Metzger 2017,
Rezzolla et al. 2018, Shibata et al. 2019)

GW170817

0.005 0.010 0.015 0.020 0.025
A"{ej []\[o]




3.5 years from the merger:
X-ray Excess

Balasubramanian et al. 2021, Troja et al. 2021, Hajela et al 2021

Flux density (uJy)
S

GMRT 0.67 GHz
GMRT/MeerKAT/VLA 1.3-1.6 GHz
VLA 3 GHz

VLA 4.5 GHz

gVLBA/eMERLIN 5.1 GHz

VLA 6 GHz

Residual (ratio)
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ATCA 7.25 GHz

VLA 10 GHz

VLA 15 GHz

HST F814W

HST F606W
Chandra/XMM-Newfbn 1keV

Time after merger (days

X-ray excess from
the off-axis jet afterglow model:

Chandra: ~1234 days after the merger
No excess in found radio band:

VLA: 3 GHz (non detection in 15 GHZz)

Possible scenarios:

- Arise of the synchrotron emission
due to the interaction of (sub~mildly-
relativistic) kilonova ejecta and ISM
(Hotokezaka et al. 2018)

- X-ray emission due to fall-back disk
(Ishizaki et al. 2021,
Metzger & Fernandez 2021)



03: no GW+EM detections

NS mergers during O3
GW190425: the second NS-NS GW event

1 NS-NS: GW190425 (Abbot et al. 2020)

1 (2) BH-NS:
GW200115, (GW200105)

BH-BH? BH-NS:
GW190814

e o 2
no EM counterparts were found D~160 Mpc, Q90%~10,000 deg

Implication from EM follow-up

(e.g., Andreoni et al. 2019, KK et al. 2020

Gomez et al 2020, Ackley et al. 2020
M.Coughlin 2019, 2020, --*) GW190521: BH-BH with potential EM counterparts?
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Expected Detection rate, Localization, & Distance @ 04,05

04 05
Total 20 < ng% S 100 ng% S 20 Total 20 < ng% S 100 ng% S 20
+78 —|—5 7 +5.6 —|—410 +49 +29
+75 +7 +4 5 +360 —|—45 +23
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GW-GRB Joint events

Saleem et al. 2020, Howell et al. 2019 Untriggered:

Case

LHV
Untriggered BNS

03 Total BNS
Joint BNS-SGRB

LHVK
Untriggered BNS

Total BNS

Joint BNS-SGRB
LHVKI

Untriggered BNS

Total BNS

Joint BNS-SGRB

Events detectable only by GW

Total BNS:
Events with both GW and GRB triggered

Joint BNS-GRB:
BNS Event which both GW & GRB is detectable

feeam> 2 x 107 erg /cm-=2
(including off-axis events)

LVK collaboration
44.1+107.1 34326 Fermi GRB-triggered GW search

-37.6

30.31737 3535 Abbot et al. 2021, arXiv: 2111.03608

04 . +0.26 ....—1
RGW—GRB — 1-04—0.27 yr

(Expected rate for O3 was
0.07-1.8 Event/yr @ OZ2 era)



VHE photon from BNS mergers

Saleem et al. 2020

= BNS (LHV)

= = BNS-SGRB (LHV)
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VHE (GeV-TeV) photons from GRB

VHE (GeV-TeV) photons are detected for long GRBs
(MAGIC: Acciari et al. 2019,

H.E.S.S.: Abdalla et al. 2019, 2020)

Evidence of VHE (GeV-TeV) photons from a short GRB

GRB160821B (MAGIC: Acciari et al. 2021)

VHE follow-up of GW event by CTA

Patricelli et al., CTA Consortium ICRC2021
(see e.g., Veres & Mezaros et al. 2014, Murase et al. 2018,  Distance: up to 500 Mpc.
Kimura et al. 2019 for the mechanisms) Delay time : 10 min.
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On axis (<10 deg.)
~92% by a few hours of exporsure

ercentage of GRBs detected

Off axis ( <45 deg.)
~54% by a few hours of exporsure
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(¢) CTA North, 720°, (Byie < 10°) (d) CTA North, 720°, (Byiew < 45°) the key point for the follow-up



Kilonova follow-up

100Mpc 200Mpc 300Mpc 30Mpc 100Mpc 200Mpc 300Mpc
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Target of Opportunity
follow-up by Vera Rubin (2024 +)
during Ob:

10 BNS:
~7 (Qo0%<20 [deg?])
~3 (20<Qo0%<100 [deg?])

15 BHNS:
~12 (Qo0%<20 [deg?])
~3 (20<Q90%<100 [deg?])

time (days) time (days) time (days) time (days) time (days) time (days) time (days) time (days)
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—o= M= 0.05M,  —— Rubin (30s) |. Andreoni et al. 2021
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Radio jet afterglow follow-up

GW detectors

Voyager

m— MeerKAT id
=T (Wl e) Facilities Timeline Range? Localisation®
= VLA (L band) (Mpc) (deg?)

=== Apertif (deep) HLVK 2022-23 190¢ 35
H,L,V,K 2025-26 3304 35
H,L,V,KI, 2026 330 35

HyLyVy 2030 1100 70

ET, CE, Voy 2040 5% 10* 10
ET, 2CE 5x10% 1
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3 Table 3. Capabilities of unbiased searches for radio afterglows for a range
10 of telescopes and observing strategies, including observing frequency (v),
Distance (Mpc) bandwidth (Av), total areal coverage (oa1) and required observing time

(Ttotal )

—
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Voyager Q=30 deg? Telescope Strategy Qtotgl Sdetect  Ttotal
(GHz) (deg®)  (uly)  (hr)
Q=40 deg? Apertif . deep 10 125 12
wide 40 250 12

ASKAP . deep 30 175 10

— ASKAP (deep/
— = Apertif (widep”| 4 Q=300 deg?
ASKAP (wide)”] wide 550 10

DSA . deep 10 5 1
wide 5 2.5

MeerKAT 14 wide 10 35 12

ngVLA 24 wide 10 5 10
ultra-wide 25 10

SKA-1 1.43 wide 10 10 10
ultra-wide 40 10

SKA-2 1.43 wide 10 1 10
ultra-wide 4 10

103 VLA 15 wide 75 12
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Distance (Mpc)

Dobie et al. 2021



Question: Can we tell about
the fate of the merger remnant
from the observation?

Moy < My

MNS formation

delayed collapse




Long-lived strongly magnetized remnant MNS

e.g. Shibata et al. 2017, Metzger et al. 2018

Blue KN Ejecta
internal shocks @4 gamma'raYS?
S

Rotational kinetic energy of MNS:  E..; ~ 10°? erg



Our recent study: Long-term simulation for
a NS merger with a strongly magnetized long-lived MNS

Model : 1.35 Mgyn + 1.35 Mgyn ( DD2 EOS )
3D GRRHD BNS merger simulation

Shibata et al. 2021, KK et al. in prep.

Radiative transfer simulation
synchrotron emission calculation

Long-term GR-R-MHD simulation (~3 s)
with mean field dynamo term

“AT2017gfo (Waxman et al. 2018) @
NN MNS75a
\ MNS70a
o\ . a=0.04 ——
T Total
s N *.Jotal heating rate
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Extract ejecta component EM counterpart

prediction

GR-HD simulation for the longterm
ejecta evolution (~0.1 d)



Kilonova emission

Kilonova Lightcurves Density profile @ t = 0.1 d
(polar view. data: AT2017gfo)
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Synchrotron flare from
the ejecta fast tall

X-ray band (1 keV, 200 Mpc)

Kinetic energy distribution — 70a

® Gw170817

Flux density at 1 keV (n)y)

KK et al. in prep.
(see also Hotokezaka & Piran et al. 2015)
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Summary

- GW170817 have been providing very interesting astrophysical
Information even 3.5 years after the onset of the merger.

Though it was not found in O3, GW+EM detections of NS mergers
are promising at least in Ob5 era.

- Multiple GRB-GW joint observations are expected to be achieved
| | Ob bhotor ight be ob Tr




