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Brief review of GW170817
} GW observation

} EM observation
Gammaray (GRB)
Radio/X-ray activity
Kilonova

Kilonova modelling based on Numerical Relativity
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3 phases of GW emission
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Tidal NS oscillation
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» Point particle approx.

» Information of orbits, NS mass

» Finite size effects appear
» tidal deformability
» radius

» BH or NS = maximum mass
» GWs from massive NS
= NS radius of massive NS




GW170817: Inspiral chirp signal provide
mass and orbit parameters (90% C.L.)

Normalized amplitude

S/N = 32.4signal/noise) . S, .
. 500

under a reasonable assumption that NS is
not spinning rapidiyike BH
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Chirp mass; 7 PP YUl ©1%) s
S % 500
} Total ma§s§8( r’)a (1%) -
1 Mass ratio & ¥a T P8t <
> Primary mass (r(iml:)1.1636.60 Msun § 100
» Secondary (m2): LU71.36Msun £ 50

Luminosity distancet m - B A

Inclination angle : B0deg.
} Consistetwith EM observations ?

> Abbott et al. PRL 119, 161101 (2017) -30 -20 -10 0
Time (seconds)



Event rates from GW170817

: 320 -4740 Gpc 3yr -1
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Tidal NS oscillation
deformation BH formation

Inspiral Chirp ignal | N
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Tidal NS oscillation
deformation BH formation
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GW from merger remnant detected

1
LIGO — Hanford
LIGO — Livingston
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EM follow-up abservations of GW170817

gammau-ray;,. X-ray;, and-Radio observations
and! theiri implicationito) SGRB: modelling



GRB1/70817A

} Observed by
Fermi/GBM and
INTEGRAL
} X~ P AT+ T8

after GWI70817

Abbottet al. (2017)
ApJL848, L13;

Goldsteinet al. (2017
ApJL 848,14
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Lightcurve from Fermi/GBM (10 — 50 keV)
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GRB1/70817A

} Observed by Fermi/GBM and INTEGRAL
} ~2(1.74 0.05) sec after the GW170817

} Very faimt : ;. §+5 x 10*° erg (fainter by 4 entlets:than fypicad SGRBS
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GRB1/70817A

} ~2(1.74 0.05) sec after the GW170817
+ Very faint :Eiso~ 5 10* erg (fainter by 4 orders than typical SGRBS)

} Duration and hatilness arececonsistentiwith iypicBERBs
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GRB1/70817A

Observed by Fermi/GBM and INTEGRAL

} ~2(1.74 0.05) sec after the GW170817

1 Very faint .Eiso~ 5 10%*erg (fainter by 4 orders than typical SGRBS)

} Duration and hardness are consistent with typiS&RBs

} Suggesbff-axisnature of this GRREe.g.,loka & Nakamutg,2017)
» But needssemeifine

. AB=15°
tuning AB=20°

: r AB=25°

» Consistentwith GW Point
observation! Fitting

y-rays
Fiducial

KPp<Fde@on RS GWs

=100

E...(6,) [erg] (10keV-25MeV)
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loka& Nakamurg2017) Viewing angle 6, of the jet



X-ray Luminosity (erg s '1)

X-ray and radio afterglow

) X-ray : 3000/50 timesfainter-thamthe median/faintest
}  Margutti et al. (2017)ApJL848, L20; Fong et al. (2017) ApJL 848, L23, and more

) Radio: :106/500 times|lessduminous)than édedignifaintest
} Alexandetret al. (2017)ApJL848,L21;Fong et al. (2017) ApJL 8423, and more
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Flux density @ 1 keV (m]y)

X-ray and radio afterglow

1 Xray : 3000/50 times fainter than the median/faintest
1 Radio : 1&/500 times less luminous than median/faintest

) X-ray and radio-afterglows irise pptat #5156 daysafter
}  Marguttiet al. (2017)ApJL848,L2Q Alexander et al. (201 ApJL848, L21
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X-ray and radio afterglow

X-ray : 3000/50 times fainter than the median/faintest
Radio ;: 1&/500 times less luminous than median/faintest

X-ray and radio-afterglows irise pptat =51b daysafter
}  Marguttiet al. (2017)ApJL848,L2Q Alexander et al. (201 ApJL848, L21
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Kasliwakt al., arXiv:1710.0543
loka& Nakamura, arXiv:1710.059C
MurguiaBerthier et al. (2017ApJL848, L34

Suggested models

B Slightly Off-Axis Classical sSGRB

A Afterglow

e % . (X-ray/Radio) Jet propagationrinithenmerger ejecta
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Suggested models

B Slightly Off-Axis C!xsical sGRB
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Mooleyet al. (2018)
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2 radio data
== Off-axis models difficult to fit the data
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A systematic modelling
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EM followy-up observations of GWL70807 17
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UV - Optlcal to NIR Ilght curves/spectra

5.5d

: Featureless spectra
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UV -Optical to NIR light curves/spectra

+ UV-OpticalNIR signals are
characterized by 181

} Rapid fading in UV and

blue optical bands ol

} Significant reddening of
the optical/NIR colors in ag
later phase m 221

} Linear polarization of 0.5%

Covinoet al. Nature Astronomy
(2017) ZH

} Larngelycconsistentwith
kilonova/macronovamodel
W2yl § Q3 [ dZif@ Qa 267

more onr-process 0o 2 4 6 8 10 12 14 16
MJD - 57982.529
| 2 Utsumi et al. arXiv:1710.05848, Tanvir et al. arXiv:1710.05455, Nicholl et al. ariXiv:1710.05456,

Chronocket al. arXiv:1710.05454, Smartt et al. arXiv:1710.05841,

etc




UV -Optical to NIR light curves/spectra

+ UV-OpticalNIR signals are
characterized by 181

} Rapid fading in UV and

blue optical bands ol

}  Significant reddening of
Kilonova assaociatedwithcGWAZ08 1/ amay havieie
(rapid fading) & red (dominaied tatei)components | .

} (‘or one component model witthh Q 1& v

2 B

(2017) 4
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kilonova/macronovamodel

W2yl §Ra[ dAf8 Qa 267 u
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MJD - 57982.529
| 2 Utsumi et al. arXiv:1710.05848, Tanvir et al. arXiv:1710.05455, Nicholl et al. ariXiv:1710.05456,

Chronocket al. arXiv:1710.05454, Smartt et al. arXiv:1710.05841, etc



Modelling based on

Kilonovae

Peak timelpeak and coloepend ofMej, Vej, and opacity as
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Modelling ba
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Modelling based on Kilonovae

Peak timelpeak and coloepend ofMej, Vej, and opacity as
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Opacity is determined by ejecta composition

» Lanthanides are key elements  TanakaKatoetal 2017 &o(Se,

1 lanthanidefree S 2 S O<illcr/g © I “;

Jw

102 F «"WW‘“ Er (HULLAC)
} Lanthanideoopacitiesrarerdargleie to their _ — F [/~ ™ "y w i : )
dense atomic line structure o M T,
NE 10 ’ b, | Hf MW"{W\}M MR it :
Kasen+ 2013; Tanaka & Hotokezaka 2013; S p ‘\ """‘.";%' e | JM | { i
Tanaka, Kato et al. 2017 = 100 M" {”ph "/“ M | plEL 5!
© "\', ‘J| i Bl | il
§ 11 i H' lr
| ‘M Il [H(

I
K blue component mm it
darieh & 2 & A ¢ i H |1V S ALl
} lanthanldeHCh S 8 S O"U]JO Erﬁ/g o™ 5000 10000 15000 20000 2500C
K red component i Wavelenath (A)

+ Criterion for Lanthanide production

» -ﬂ’-(. 0825 (e.g Korobkin+. 2012; Wanajo+ 2014)

Important to know:ejecta’sY
W T8, SV 0%

1 1 1 1
} 0 0.1 02 03 0.4 05




GW1708177: kilonovazmodellingo based
on numericalal relativityy

With
S. Fujibayashi (YITP), K. Kiuchi (YITP), K. Kyutoku (YITP),

N. Nishimura (YITP), M. Shibata (YITP), M. Tanaka (NAQJ),
K. Taniguchi (Ryukyu), S. Wanajo (Sophia)



Mass ejection mechanisms : Dynamical

orbital (x-y) 0.007 ms (x-z) meridian
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Due toitidaliforceand shock heating
Relatively well studied{(e.g!,(EOS dependgnce




Mass ejection mechanisms : Viscosity

615,
3
Merger NS/BH + Torus
.D:yn:amical ejection Early & Long -term Vm
0 ~1ms ~10ms ~ 100ms ~1s ~10s



Ejecta Mass [Msolar]

Properties of Dynamicalal ejecta : mass

; Dynamical ejecta mass depends strongly on NS equation of state (E
} 0 [ X TEUT p TP g : larger for softer EOS (Sekiguchi et al. 2015, 201¢
Butd  is very smallif BH is directly formed after the merger (Hotokezaka+ 20:

y Mg 1~ 0801414 only for Soft EQSHikerSEHE 6 ~ 12km, A < 400)

| | - pSofter EOS S L B B B B B B
> SHHoO - I
' 5L A<800
A<400
— TMA | _ 2
TM1 {55k M, <M
s [
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5 1|0 1I5 zlo 215 3|0 3:5 4;0 Annala et al. arXiv:1711.02644
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Mass fraction

Mass fraction

Properties of Dynamicalal ejecta : Ye

} For EOS consistent with GW1708%7 ({ m)nSHHA (stift) DD2 ((stiff)
Tt v T, irrespective of mass ratio foy T& P8t

} 9 Aj
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Electron fraction (Ye)

Weak interactions:are
important:incchanging Yefof
originally neutrorrich matter

3




Properties of Dynamicalal ejecta : Ye

}  For EOS consistent with GW1708%7 (g m)1t SFHo (soft)DD2 (stiff)
19 Ay @t v T, irrespective of mass ratio foy T& P8t

+  Equatorial direction
y Tidally driven |dow T
» Ye<020
» Lanthaniderieh,raed
» Dominatesftorq<o®9
+ Polar direction
} Neutrino iinradiated
» Ye>00:4
» Lanthanidel freephblue
» Massiis;small
+ Intermediate
} Thenmédldtriven (Hight T)
» Moderate ILanthanide

> 1000  -500 0 500 1000

Electron fraction (Ye)



Properties of Dynamicalal ejecta

+ For EOS consistent with GW1708%7 (| )it SFHo (soft) , DD2 (stiff)
} The reticcomporaniraay bexexpladacd bydhedynaniieal @jettasioi soft EC
} Eﬂeatams&m:plaleuhebmﬁmn isdnsufficient m@xpialﬁbtbmbhterqﬂmp

Mass per bin [Mgyp|

1031 sl>45c;:| . SFHo(sof) | sl}45€; . i DD2(stiff)
F 6 <45° mm ] q= 1 F 6 <45° = I q= 1
I Laﬁﬂimﬂwbrmﬂ Lanthanitiepaor
- redl Ilz!ue
104 i
-
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10° | i
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Dynamical ejecta : summary

y mgino 7= 0805 — 085, typical welogityiiso = 081 — 085F
} for EOS consistent with GW1708%7 ( ¢ m)mrrespective of mass ratio
n T pd
y Wggne 1= 08001 — 0801414
} largerfor softer EO$Hotokezaka+ 2013; Sekiguehial. 2015, 2016)
1 0 X 18P g only forsoft EOS likSFHdy ¢ Mt TthY g p &m)
} For g < 0.9 (GW170817 2kd componenid-Q: & 5) dominates

) Redconmponrent
}  may be explained by dynamical ejecta for soft EOS
Extra contribution from other (viscosiyriven) ejecta is helpful/necessary (stiff)

) Blue component

1 Amount of lanthanidepoor ejecta (0 ®n & ¥ is not sufficient, other mass
ejection mechanisms are essential

} Earlyhigh velocity component may be explained




Mass ejection mechanisms : Viscous

Fujibayashi et al. (2018)

t= 0.00 ms

Log Density _m\oaﬁ

NS/BH + Torus

Merger\

OUS ejectiof

~1ls

Early & Long -term

Dynamical ejection

~10s

~100ms

~10ms

~1ims



Viscosity -driven ejecta : two types

} There are2arly and lzte-time long-term viscostity-driven ejecta
} For EOS in which massive NS (MNS) survivés in  ms: not only for DD2
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Early Viscosity -driven ejecta

»  Early viscositgriven mass ejection first appearsivhp 11 ms
} Energy source : (redistribution of) the MNS rotational energy

Y 0
0 x —uy(Ym)X Cd p"AO<5nOATA ><pﬂaEl> (Cfﬁ’ﬁa)

t=0.02s
2000 BE




