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Most beautiful figure in astrophysics:
GW170817/GRB 170817A
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Early theoretical models
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ABSTRACT

We propose that some, perhaps most, gamma-ray bursters are at cosmological distances, like quasars, with a
redshift z = 1 or z = 2. This proposition requires a release of supernova-like energy of about 10! ergs within
less than 1 s, making gamma-ray bursters the brightest objects known in the universe, many orders of magnitude
brighter than any quasars. This power must drive a highly relativistic outflow of electron-positron plasma and
radiation from the source. The emerging spectrum should be roughly a black body with no annihilation line, and
a temperature T = (E/4mr3s)/*. As an example the spectrum would peak at about 8 MeV for the energy
injection rate of E = 10! ergs s~! and for the injection radius #, = 10 km.

We propose that three gamma-ray bursts, all with identical spectra, detected from B1900+ 14 by Mazets,
Golenetskii, and Gur'yan and reported in 1979, were all due to a single event multiply imaged by a gravitational
lens. The time intervals between the successive bursts, 10 hr to 3 days, were due to differences in the light travel
time for different images. The required mass of the lens is 101 M, just right for a galaxy.

Subject headings: cosmology — gamma rays: bursts — gravitation

On various occasions very energetic phenomena that in-
volved bare neutron stars were suggested for a variety of
reasons. Haensel and Schaeffer (1982) calculated models of
neutron stars with a phase transition in their structure leading
to a release of 10 ergs in a small fraction of a second and
noticed a possibility of even more powerful events. Ostriker
(1979) considered the fate of the inner cores of globular

stars. From time to time neutron stars will collide, releasing
up to 10°® ergs per event. The binary radio pulsar PSR
1913 + 16 will coalesce with its neutron star companion within
about 10® yr as a result of gravitational radiation losses
(Taylor and Weisberg 1982). The final stage is likely to be
very violent, and again of the order of 1052 or 10”3 ergs will be
released. In all of these cases the details of a violent energy
release are not known, and 1t 1s not clear at all that a
significant fraction of energy will be radiated in the gamma-ray
region. But it is not unreasonable to expect that some of
these, or perhaps some other rare phenomena may generate
enough gamma-ray energy. The frequency of events required
by the available observations is very low: perhaps 1000 bursts
per year per 10'! galaxies.
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NEUTRON-STAR collisions occur inevitably when binary neutron
stars spiral into each other as a result of damping of gravitational
radiation. Such collisions will produce a characteristic burst of
gravitational radiation, which may be the most promising source
of a detectable signal for proposed gravity-wave detectors'. Such
signals are sufficiently unique and robust for them to have been
proposed as a means of determining the Hubble constant®.
However, the rate of these neutron-star collisions is highly uncer-
tain’. Here we note that such events should also synthesize neutron-
rich heavy elements, thought to be formed by rapid neutron capture
(the r-process)’. Furthermore, these collisions should produce
neutrino bursts® and resultant bursts of y-rays; the latter should
comprise a subclass of observable y-ray bursts. We argue that
observed r-process abundances and +y-ray-burst rates predict rates
for these collisions that are both significant and consistent with
other estimates.
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NS-NS mergers

merger

NS

M,: gravitational mass of the merger remnant
M;oy: maximum mass for non-rotating NS

M,,..,: maximum NS mass taking rotation into account Stable NS



NS-NS merger
EM counterparts
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Villar et al. (2017): a collection of observations of many teams

Coutler et al.; Pian et al; Tanvir et al. ...



Flux density (uJy)

Broad-band afterglow
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What did we learn from

GW170817/GRB170817A/
AT2017gfo/afterglow?
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GW170817

Abbottet al. 2017, PRL, 119, 161101; Chassande-Mottin’s talk

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 m, 1.17-1.36 M 0.86-1.36 M,

. +0.004 +0.004
Chirp mass M 1.188" 5o Mo 1188755 Mo
Mass ratio m,/m; 0.7-1.0 0.4-1.0
Total mass m 2.74100 M 2.827 00 M,
Radiated energy E,q > 0.025M ,,¢? > 0.025M ;, ¢?
Luminosity distance Dy 4078, Mpc 4078, 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
1.4 ' AL‘FZ ALFA‘ APR APR2 r ‘i M o g Al L;:2 .... A LF4' o 'A'P.R ..... A .PYFI; e
19 - |Xz| < 0.89 J Sly ggz eosL J The S>y4U SAU eosC L
1.1
1.0 = z,
0.9
0.8
0.7 . .

: Narrower mass ranges when e]ecta mass constraint
0.6 {
2

2 250 275 considered; Gao etal. (2017, ApJL, 851, 1.45)



Neutron star / quark star
equation of state
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GW170817

Abbottet al. 2017, PRL, 119, 161101 Chassande-Mottin’s talk
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GRB 170817A:

lightcurves

Abbottet al. 2017, ApJL, 848, 1.13; Goldstein et al. 2017, ApJL, 848, .14
B.-B. Zhang et al. 2018, Nature Communications, 9, 447
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GRB 170817A:

Goldstein et al. 2017, Ap]L, 848, L.14
B.-B. Zhang et al. 2018, Nature Communications, 9, 447
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GRB 170817A:

Similar events from GBM archives?
B.-B. Zhang et al. 2018, Nature Communications, 9, 447

Examples: GRB 170817A-like GRBs in GBM archives

3000

o0 081119184 090717111 091006360
2600
2400
2200
2000
1800

1600

6000

100616773 140501139 150715136
= 5500
[aa)]
S~
E 5000
=
&}
U 4500 Y o
ARG IR
4000 1000 R - * L 4
3400 . : . ‘e *
- 150721431 160224911 GRBI170817A o " ' E Lo
32 : = " s 7
luQ ‘ +
3000 N
] 100} .
2800 B C . ]
i ;) Long GRBs 4+ ]
2600 h . Short GRBs @ |
e ] + +* % Faint&shotGRBs » |
5400 GRB 170817A +
10 aul Y | ..tf aasanl W
2200 108 1077 106 1075 107 103 1072
4 2 0 2 4 6 8 10 4 2 0 2 4 6 8 10 4 2 0 2 4 6 8 10 b

Fluence (erg cm™2)

Time since GBM trigger (s)



GRB 170817A:

Similar events from GBM archives? Can we identify them?
B.-B. Zhang et al. 2018, Nature Communications, 9, 447
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GRB 170817A:

“abnormal” luminosity & luminosity function

Abbottet al. 2017, ApJL, 848, L13
B.-B. Zhang et al. 2018, Nature Communications, 9, 447
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GRB 170817A:

physical origin?

Abbottet al. 2017, ApJL, 848, L13; Mooley et al. 2018, Nature, 554, 207,
B.-B. Zhang et al. 2018, Nature Communications, 9, 447
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Scenario i: Uniform Top-hat Jet Scenario ii: Structured Jet

Rotation Axis

Scenario iii: Uniform Jet + Cocoon
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Structured jet: Zhang & Meszaros (2002) “Oversold” cocoon I:;kzel



Log (L) / Log (n)
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7, =388.8

GRB 170817A:

prompt emission mechanism?
Meng et al. 2018, ApJ, arXiv:1801.01410
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(Hz)

Origin of the 1.7 s delay?

 Delayed launch of the jet?

 Delayed formation of a BH?

< WYY LY .| * Delayed dissipation (magnetic field
1000 14 1 ’ldlL.AA ALl L ’n :l' A . g .

Voo B UL L amplification)?

- .l ‘ ll.m » n\Ah-.n‘ INTEGRAL/SPI-ACS ﬂ

 No intrinsic delay at all!

See also Daigne’s, Mochkovitch’s talk



Origin of the 1.7 s delay?

]A‘lr\ﬂ"'\ adl

J”J TTJ’“NAIU+

Delayed launch of the jet?
. What did the systemdo in 1.7 s (very
long time)?
Delayed formation of a BH?

. Why jet not launched during the
hypermassive phase?

. BH not needed to produce short GRBs!

Delayed dissipation (magnetic field
amplification)?
. Allowed but not needed
No intrinsic delay at all (propagation)!
. Duration ~ 2 s
. Delay ~ 1.7 s
. Both time scales ~ R/T?%c
. Traditional GRB mechanism

. Large emission radius
. Poynting-flux dissipation



GRB Emission Models

central photosphere internal external shocks
engine (reverse) (forward)

Uncertainties in GRB Prompt Emission:

What is the jet composition (baryonic vs. Poynting flux)?

Where is (are) the dissipation radins (radii)? — three possible locations
How is the radiation generated (synchrotron, Compton scattering, thermal)?

See also Daigne’s talk; Mochkovitch’s talk
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Naming issue:

Li-Paczynski nova / macronova / kilonova / mergernova

Living Rev Relativ (2017) 20:3
DOI 10.1007/s41114-017-0006-z

@ CrossMark

REVIEW ARTICLE

Kilonovae

Brian D. Metzger!

Table 1 Timeline of major developments in kilonova research

1974
1975
1982
1989
1994
1998
1999
2005
2009
2010
2013
2013
2013
2014

Lattimer and Schramm: r-process from BH-NS mergers

Hulse and Taylor: discovery of binary pulsar system PSR 1913 + 16
Symbalisty and Schramm: r-process from NS—NS mergers

Eichler et al.: GRBs from NS-NS mergers

Davies et al.: first numerical simulation of mass ejection from NS—-NS mergers

Li and Paczyniski: first kilonova model, with parameterized heating

Freiburghaus et al.: NS-NS dynamical ejecta = r-process abundances

Kulkarni: kilonova powered by free neutron-decay (“macronova”). central engine
Perley et al.: optical kilonova candidate following GRB 080503 (Fig. 9)

Metzger et al., Roberts et al., Goriely et al.: kilonova nowered by z-process heating
Barnes and Kasen, Tanaka and Hotokezaka: La/Ac opacities = NIR spectral peak
Tanvir et al., Berger et al.: NIR kilonova candidate following GRB 130603B

Yu, Zhang, Gao: magnetar-boosted kilongva (“merger-nova’”)
Metzger and Fernandez, Kasen et al.: blue kilonova from post-merger remnant disk winds




The Origin of the Solar System Elements

cosmic ray fission

r_ p rO ‘ : e S S . merging neutron stars | [l exploding massive stars &
dying low mass stars E exploding white dwarfs

61 62 63 64 65 66
Pm @ Sm Eu § Gd Tb § Dy

Astronomical Image Credits:

0 50 100 150



Kilonova basics
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AT2017gfo:

Blue and red (and purple?)

squeezed dynamical
v ~ 0.2¢c-0.3c

tidal dynamical

L v ~ 0.2¢-0.3c

disk wind
v £0.1c

Neutron Star + Neutron Star
long lived neutron star remnant

squeezed dynamical
v ~ 0.2¢-0.3c

tidal dynamical
v =~ 0.2¢-0.3c

disk wind
v £0.1c

Neutron Star + Neutron Star
remnant prompt collapse to black hole

Neutron Star + Black Hole
black hole remnant
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D’Avanzo’s talk

Villar et al. 2017

Kasen et al. 2017

Table 2
Kilonova Model Fits
Model Mctjgluc ve}jaluc n::jlue T blue Mcl}u rple VCI;UI'PIC ngurple T purple M c1:ic:d Vv crjcd Kgi:d T red o 0 WAIC
2-Comp 0.0239.993 0.25609%5 0.5) 398358 - v - - 0.0509:39! 0.14939%% 3.6509% 11513 0.2563:30¢ —1030
3-Comp 0.0203:39! 0.26639% 0.5) 674336 0.047330% 0.1523:903 3) 13084 0.0113992 0.13709% 10) 374573 0.2423008 —1064
Asym. 3-Comp 0.0099:39! 0.2560904 0.5) 3259392 0.0079:3! 0.1039997 3) 37287 0.026330% 0.175%944 (10) 109172 0.2263:90¢ 66} —1116
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& cm= g ilicon (red li 14 hell) and i i 26

d-shell) ogacities used Kurucz line data. The calculations assume a density
p=10"" gem™ and a time since ejection t.j = 1 days.
(A color version of this figure is available in the online journal.)
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Figure 10. Dependence of the mean expansion opacity on the abundance of
lanthanides. The solid lines show the Planck mean opacity for various mass
fractions of neodymium in a mixture with iron. The dashed line shows the
opacity of the approximate r-process mixture (with all 14 lanthanides) discussed
in Section 6.

Liet al. 2018, arXiv:1804.06597

Kasen et al. 2013
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Engine-driven mergernova

Ya, Zhang & Gao, 2013, Ap], 763, 1.22
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GRB 050724

Previous cases

Gao et al, 2017, Ap], 837, 50
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AT2017gfo: long-lived-NS-driven?

16

12 T T T T T T T T T T T T
0 W ]
18} /8
A E i :(K-,KS)-3 .
5 YT i
g% < Dt —y —
2 3 = [} (z,2)*+1 i
£ E § N — (ii\I)+2 &
%22 § . \ Sffm ]
o = R g+5 )
5 £ 3 X —— (B.g)+6 ]
Z24 5 \ U+7 I~
o3 -]
s N
28 VFVZZ'ZQA;%' WIF;Z)SW - = ey 12 14 16 18 20 22 24
MJD - 57982.529 t/ day
Villar et al. 2017 —_———
16r —s Yu & Dai, arXiv:1711.01898
V. ‘f:’. S V
18 AR {—r
A — i,
i . z
20 i 1"
—H
£ E ——K, Ks
22 N
24 i
WA | Li et al. arXiv:1804.06597
26 N 1 N 1 AV AW . AN 1 . . 1
0 2 4 6 8 10 12 14 16
days since merger
be,i/M@s_1 Lmd,i/ergs_1 tsa,gw/s B/G € ejecta Me; /Mg k/cm2g—1 vejifc K d (¢
NS - 3.4 x 1044 500 3.4 x 1012 0.0035 polar 1x1073 1 0.35 2r -1 10 6
equatorial 5x 1073 5 0.2 2r -1 10 6



VSy and hy [1/VHz)

GW170817:

Is a long-lived NS allowed?
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GW170817:

Is a long-lived NS allowed?
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Energy injection!!!
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(radial injection)
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Energy injection in GW170817

L(t) = Lo(t/ty)" 2.

M(>~) oc vy,

10-7q
- 244¢

Y

4 — 3q

1025
7= 7T+ s

ISM

wind

TABLE 2
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Zhang et al., 2000, Ap], 642, 354
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Not enough but allowed!

Pulsar: q=0 or q=1

Extra injection lateral/radial injection needed



Flux density [p Jy]

Energy injection in GW170817

Gaussian Jet

Flux density [p Jy]
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Troja et al., 2018, MNRAS

Flux density (m]y)

= 3GHZz (Xx1.5)

10731 ' 6GHz

= R filter (x200)
1 keV (x3000)

10! 102
Time since GW detection (days)

Lazzati et al., 2017, arXiv:1712.03237



What is the merger product?



Argument in favor of a BH

 There was a short GRB

— Accretion-powered short GRB? Not
necessarily true

— If so, NS/QS maximum mass 2.16-2.28 M,
* Low luminosity prompt emission and
afterglow

— Cannot be a magnetar, low-B pulsar
allowed but not required

» Lack of smoking gun signature of a
long-lived NS/QS



Surprise! Surprise!



A self-consistent picture

GW170817 left behind a long-lived NS/QS
Low poloidal B but high toroidal B

An early Poynting-flux-dominated flow
emerges from the ejecta, naturally structured

Magnetic dissipation at a large distance
powers prompt emission

Energy injection from the pulsar powers
kilonova with regular mass; large velocity due
to Poynting-flux acceleration

Late-time activity powers the X-ray flare



Implications

M+oy IS large! Rule out
many soft EoSs

Small tidal deformability
rules out many stiff EoSs

“Goldilocks” EoSs

Consistent with
conclusionsdrawn from ..
short GRB observations =
and modeling (Gao etal.
2016). al

. M < 2Mp

I -
7 8 9 10 11 12 13 14 15 16
R [km]



Summary

- GW170817 / GRB 170817A/
AT2017gfo / afterglow presented rich
data for human to study the very first
NS-NS merger system

» Some interesting constraints reached;
many questions remain; observations of
more systems desired.

» Excitements yet to come!



