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GW170817
and
the
firework
of
EM
counterparts
The X-ray counterpart to the gravitational-wave
event GW170817

• unique event in astronomy,
maybe most important
observation since SN 1987A

E. Troja1,2, L. Piro3, H. van Eerten4, R. T. Wollaeger5, M. Im6, O. D. Fox7, N. R. Butler8, S. B. Cenko2,9, T. Sakamoto10, C. L. Fryer5,
R. Ricci11, A. Lien2,12, R. E. Ryan Jr7, O. Korobkin5, S.-K. Lee6, J. M. Burgess13, W. H. Lee14, A. M. Watson14, C. Choi6, S. Covino15,
P. D’Avanzo15, C. J. Fontes5, J. Becerra González16,17, H. G. Khandrika7, J. Kim6, S.-L. Kim18, C.-U. Lee18, H. M. Lee19,
A. Kutyrev1,2, G. Lim6, R. Sánchez-Ramírez3, S. Veilleux1,9, M. H. Wieringa20 & Y. Yoon6

A long-standing paradigm in astrophysics is that collisions—
or mergers—of two neutron stars form highly relativistic and
collimated outflows (jets) that power γ-ray bursts of short (less
than two seconds) duration1–3. The observational support for
this model, however, is only indirect4,5. A hitherto outstanding
prediction is that gravitational-wave events from such mergers
should be associated with γ-ray bursts, and that a majority of
these bursts should be seen off-axis, that is, they should point
away from Earth6,7. Here we report the discovery observations
of the X-ray counterpart associated with the gravitational-wave
event GW170817. Although the electromagnetic counterpart at
optical and infrared frequencies is dominated by the radioactive
glow (known as a ‘kilonova’) from freshly synthesized rapid
neutron capture (r-process) material in the merger ejecta8–10,
observations at X-ray and, later, radio frequencies are consistent
with a short γ-ray burst viewed off-axis7,11. Our detection of X-ray
emission at a location coincident with the kilonova transient
provides the missing observational link between short γ-ray
bursts and gravitational waves from neutron-star mergers, and
gives independent confirmation of the collimated nature of the
γ-ray-burst emission.
6

kilonova

SGRB

On 17 August 2017 at 12:41:04 universal time (ut; hereafter T0),
the Advanced Laser Interferometer Gravitational-Wave Observatory
(LIGO) detected a gravitational-wave transient from the merger of two
neutron stars at a distance12 of 40 ± 8 Mpc. Approximately two seconds
later, a weak γ-ray burst (GRB) of short duration (<2 s) was observed
by the Fermi Gamma-ray Space Telescope13 and INTEGRAL14. The
The Astrophysical Journal Letters, 848:L21 (7pp), 2017 October 20
low luminosity of this γ-ray transient was unusual compared to the
population of short GRBs at cosmological distances15 , and its physical
connection with the gravitational-wave event remained unclear.
A vigorous observing campaign targeted the localization region
of the gravitational-wave transient, and rapidly identified a source of
bright optical, infrared and ultraviolet emission in the early-type galaxy
NGC 499316,17. This source was designated ‘SSS17a’ by the Swope
team16, but here we use the official IAU designation, AT 2017gfo.
AT 2017gfo was initially not visible at radio and X-ray wavelengths.
However, on 26 August 2017, we observed the field with the Chandra
X-ray Observatory and detected X-ray emission at the position
of AT 2017gfo (Fig. 1). The observed X-ray flux (see Methods) implies
an isotropic luminosity of 9 × 1038 erg s− 1 if located in NGC 4993
at a distance of about 40 Mpc. Further Chandra observations,
performed between 1 and 2 September 2017, confirmed the presence
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The variance parameter

is an additional scatter term, which
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• confirms association of BNS to
SGRBs

V ILLAR ET AL .
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• unprecedented level of multimessenger observations

man et al. 2014), which accounts for both the likelihood score

E

5″

0.5–8.0 keV
26 August 2017

in less than a quarter of short GRBs5 . Dust lanes are visible in the inner

Figure 3. Simulated radio light curves for the four models also presented in Margutti et al. (2017), shown with all of our radio upper limits (triangles; 3s ) and
regions, suggestive of a past merger activity (see Methods). b, Chandra
detections (circles). The emission peaks on a timescale of ∼15–30 days, but should remain detectable at 6 GHz for weeks to months. We note that the observations at
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The kilonova of GW170817
• blue kilonova properties:
Mej ~ 10-2Msun Kilpatrick+ 2017
2017
vej ~ 0.2-0.3c Kasen+
Nicholl+ 2017
Ye > 0.25
Villar+ 2017
Coughlin+ 2018
XLa < 10-4
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blue KN
red KN

‘lanthanide-free’

• red kilonova properties:
Kilpatrick+ 2017
Mej ~ 4-5x10-2Msun Kasen+ 2017
Kasliwal+ 2017
vej ~ 0.08-0.14c
Drout+ 2017
Ye < 0.25
Cowperthwaite+ 2017
Chornock+ 2017
XLa ~ 0.01
Villar+ 2017
Coughlin+ 2018

heavy r-process elements!
‘lanthanide-rich’

Villar+ 2017
Figure 1. Complete UVOIR light curves, along with the models with the highest likelihood scores. Solid lines represent the realizations of
highest likelihood for each model, while shaded regions represent the 1 uncertainty ranges. For some bands there are multiple lines that
capture subtle differences between filters.

The variance parameter is an additional scatter term, which
we fit, that encompasses additional uncertainty in the models
and/or data. For upper limits, we use a one-sided Gaussian
penalty term.
For each component of our model there are four free parameters: ejecta mass (Mej ), ejecta velocity (vej ), opacity (),
and the temperature floor (Tc ). We use flat priors for the first
three parameters, and a log-uniform prior for Tc . In the case
of the asymmetric model, we assume a flat prior for the half
opening angle (✓).

man et al. 2014), which accounts for both the likelihood score
and number of fitted parameters for each model.

RESULTS
OF THE KILONOVA MODELS
two (“red-blue”) or multiple components expected from merger
simulations
We fit three different models to the data: a spherical
two-component model, a spherical three-component model,
(we shall see later)
and an asymmetric three-component model. The results are

Daniel Siegel
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4.

shown in Figures 1–5 and summarized in Table 2.
For the spherical two-component model we allow the opac-

The r-process in a nutshell

The r-process and s-process
The heavy elements (A > 62) are formed by
neutron capture onto seed nuclei

n

n

p

e-

slow neutron capture (s-process):
timescale for neutron capture longer than for 𝛃-decay
rapid neutron capture (r-process):
timescale for neutron capture shorter than for 𝛃-decay

Daniel Siegel
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r-process nucleosynthesis in disk outflows
nuclear reaction
network
(SkyNet)
• neutron captures
• photo-dissociations
• 𝛂-, 𝛃-decays

Siegel & Metzger 2017, PRL
Siegel & Metzger 2018

• fission

Movie: r-process nucleosynthesis from NS merger remnant disks
Daniel Siegel
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Heating rates

Heating rates
The Astrophysical Journal, 815:82 (18pp), 2015 December 20

homologous
expansion
Siegel & Metzger 2017, PRL
Siegel & Metzger 2018

Fig: heating rates from r-process nucleosynthesis in simulations of
post-merger disk outflows (lanthanide rich).

Figure 7. Some heating rate ﬁts showing Lippuner
the ﬁts with &
theRoberts
largest and2015
smallest
error, and ﬁts with errors in between. The heating rate is only ﬁtted inside the ﬁt
window (0.1–100
days). We use
a power
law r-process
with up to two exponential
Fig: heating
rates
from
terms, or up to three exponential terms without a power law show in
Equation (4),nucleosynthesis
whichever produces thefor
best individual
ﬁt. The ﬁt error áD ln ln ñ is
deﬁned in Equation (6). As the second and third case from the top show, the ﬁt
trajectories, varying electron fraction,
can be quite bad outside the ﬁt window. This is no surprise since we do not ﬁt
the data outside
the ﬁt window
and because
only expansion
use up to three exponential
specific
entropy
andwethe
terms. In reality, there are hundreds of individual nuclides contributing to the
timescale.
total heating rate
and each one contributes a different exponential term.

bumps and wiggles appear for
lanthanide-poor conditions due to
dominance of individual isotopes

Bumps due to single isotopes expected even in lanthanide-rich scenario on timescales ~months
those
times, which
are 500 points uniformly sampled in
may lead to observational identification
of specific
isotopes
Wu+
2018
−2
3
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logspace between 10 and 10 days (however, points before
0.05 days and after 200 days have zero weight and thus do not

Thermalization efficiency
Barnes+ 2016
The Astrophysical Journal, 829:110 (20pp), 2016 October 1

Barnes et al.

Figure
10. Thermalization
efﬁciencies f (t) efficiencies
for all particlesfor
in an
with
Fig: Example
of thermalization
allejecta
particles,
3
Mej = 5 ´ 10 M and vej = 0.2c (our ﬁducial model). Fission fragments
assuming ejecta with Mej = 5e-3 Msun, v0 = 0.2c.
thermalize most efﬁciently, followed by a -particles, b -particles, and g -rays.
For charged particles, we plot f (t) for radial (dotted lines), toroidal (solid lines),
and moderately tangled (l = 0.25; dashed lines) magnetic ﬁelds. Toroidal
ﬁelds thermalize most efﬁciently, followed by random, then radial ﬁelds.

2. Escape: Radial ﬁelds that allow charged particles to
escape before they have completely thermalized will
lower f (t). This is most important for b -particles, which
Daniel move
Siegel faster than the ejecta.
Kilonovae
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Figure 13. Bottom panel: the fractional energy generation associated with each
Fig:r-process
Thermalization
of model.
all The
type of particle, from
simulations usingefficiency
the FRDM mass
g -rays,their
b -particles,with
division of b -decay
energy among
and neutrinos was
particles
convolved
calculated for our representative SPH trajectory with Ye, 0 = 0.04. Top panel:
energy
generation.
the fractions from fractional
the bottom panel,
convolved
with f (t) for each particle, for
the ﬁducial model with random magnetic ﬁelds. The total thermalization
efﬁciency, ftot , plotted as a dashed black line, is the sum of the particle-speciﬁc
curves. β- and a -particles supply most of the thermalized energy.
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Effect of thermalization efficiency on lightcurves
The Astrophysical Journal, 829:110 (20pp), 2016 October 1

Barnes et al.

Figure 18. Select broadband light curves for our ﬁducial ejecta model for two
treatments of thermalization: full ftot (t ) (left panel), and the cruder treatment
employed in earlier kilonova calculations (right panel). The curves are dimmer
in the newer models, reﬂecting the reduction in thermalized energy, but
relationships between the light curves in the various bands is mostly
unchanged, so the kilonova colors are preserved.

Fig: Impact of thermalization efficiency on kilonova
lightcurves (bolometric luminosity). The fiducial model
has parameters Mej = 5e-3 Msun, v0 = 0.2c.
Barnes+ 2016

Daniel

Figure 17. Synthetic bolometric light curves calculated with Sedona for three
different treatments of thermalization: full thermalization (blue curves);
Siegel
Sedonaʼs original thermalization scheme, which deposits charged particleKilonovae

Opacities

Outcome of the r-process
fewerThe
freeAstrophysical
n per seed Journal,
nucleus 815:82 (18pp), 2015 December more
free n per seed nucleus
20

Lanthanides

Lippuner & Roberts 2015

Figure 1. Final abundances of some selected nucleosynthesis calculations. Left: Ye=0.01, 0.19, 0.25, 0.50, s =
made,
with substantial
amounts of
lanthanidesstrongly
and actinides,
Ye=0.01
and Ye=0.19. (Y
Thee)!Ye=0.25 tra
Final
abundance
pattern
depends
onforinitial
composition
r-process peak, but not the third and not a signiﬁcant amount of lanthanides. In the symmetric case (Ye = 0.5), mo
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High opacities of the Lanthanides
Kasen+ 2013, Barnes & Kasen 2013

s-shell (g=2)

Number of electron configurations
for a shell with g levels and n electrons:
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p-shell (g=6)

High opacities of the Lanthanides
Kasen+ 2013, Barnes & Kasen 2013
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atomic number Z

s-shell (g=2)

Kasen+ 2013

shells: s p d f

p-shell (g=6)

d-shell (g=10)

Figure 1. Complexity of the elements (top panel) and their mass fractions in the r-process ejecta of neutron star mergers (bottom p
number of states in the ground configuration for singly ionized ions, as estimated using the simple permutation counting of Equation (1
the filling of valance shells, with the color shading giving the orbital angular momentum l (yellow = s, blue = p , green = d, red = f). Th
fractions determined in Roberts et al. (2011) by post-processing the hydrodynamical simulation of tidal tail ejecta.
(A color version of this figure is available in the online journal.)

momentum l has g = 2(2l + 1) magnetic sublevels; one can
estimate the number of states in a given electron configuration
by simply counting the permutations of the valence electrons
f-shell (g=14)
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where n i is the number of electrons in the nl-orbital labeled i, and
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using the Autostructure code (Badn
determine the approximate ion energy
wavelengths and oscillator strengths o
dipole transitions (Section 3). Without
model, the computed energies and line
act. Fortunately, the effective opacity in
is a wavelength average over many li
els reasonably capture the statistical d

High opacities of the Lanthanides

The Astrophysical Journal, 774:25 (13pp), 2013 September 1

Lanthanides

Fe-peak composition

Diagnosing BH formation with kilonovae
Lanthanide “free”
low opacity
high Ye
optical

3445

Figure 7. Wavelength-dependent line expansion opacities resulting from
Autostructure-derived linelists. The opacity of the lanthanides (Nd, Ce) is
much higher than iron and its d-shell homologue, osmium, especially in the
Kasen+ 2013
infrared.
(A color version of this figure is available in the online journal.)

Fig.: line expansion opacities

Lanthanide “rich”
(Z = 58) is comparable to, though slightly less than, that of
high opacity
neodymium. This confirms that species with similar complexity
measures have roughly
similar
low
Ye opacities, which we use to derive
approximate opacities for r-process mixtures (Section 6).
infrared
5.1. Uncertainties and Comparison to Existing Data

Fig.: kilonova lightcurves probe composition
Daniel Siegel

Our derived opacities must possess some error, since the
Autostructure model energies do not exactly match the experimental values (Figure 2). To estimate how sensitive the results
Metzger
Fernandez
are to the&detailed
level 2014
energy structure and configuration ordering, we examined the Nd ii opacities derived from the three
different
optimization schemes described in Section 3. The re(Lanthanide mass
fraction).
sulting variation provides an estimate of our level of uncertainty.
Figure 8 shows that the opacities calculated using the opt1 and
opt3 models are quite similar, while the opt2 model opacities are
lower by a factor of ∼5 at some wavelengths. The opt2 model
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Origin of neutron-rich ejecta

NS merger phenomenology
SMNS / HMNS

long-lived NS

NS—NS

prompt
collapse

BH - torus

BH—NS

sim. & vis.: W. Kastaun

BH
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BH - torus

Kilonovae

Outcome depends on EOS
and binary parameters
(masses, mass ratio, spin, …)

Sources of ejecta in NS mergers
dynamical ejecta (~ms)

winds from NS remnant (~10ms-1s)

Figure 2. Same as Figure 1, but for model dip-6.
(A color version of this figure is available in the online journal.)

outflows

wind

The Astrophysical Journal Letters, 778:L16 (5pp), 2013 November 20

accretion disk (~10ms-1s)

Hotokezaka et al.

wind
Dessart+ 2009

Siegel+ 2014
Ciolfi, Siegel+ 2017
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transient, followed by the neutrino-driven wind. The displayed region covers 2000 × 2000 km . Regions that are infalling or denser than 1010 g cm−3 are shown in
red, and velocity vectors, overplotted in black, have a length saturated at 7% of the width of the display for a magnitude of 30,000 km s−1 . Note the concomitant mass
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Winds from remnant (metastable) NS
Figure 2. Same as Figure 1, but for model dip-6.
(A color version of this figure is available in the online journal.)

neutrino-driven winds

magnetically driven winds
wind

NS

wind

−1 ) for the no-spin
2009
Siegel+ 2014 Ciolfi, Siegel+
steradian (d 2 M/dt dΩ, in units of M⊙ s−1 strDessart+
BNS merger model Figure
at 10 ms 3.
(top
left), as Figure 1, but for model rand.
Same
ight) after the start of the VULCAN/2D simulation, and depicting the mass loss associated with the initial
version
of thisin figure is available in the online journal.)
10 g cm
−3 are shown
yed region covers 2000 × 2000 km2 . Regions that are infalling or denser than(A
10color
−1
saturated at 7% of the width of the display for a magnitude of 30,000 km s . Note the concomitant mass
expansion of BNS merger material at near-equatorial latitudes.
Defining the isotropic luminosity as
field geometry and could be absent if the field is randomly
nal.)

• reabsorption of neutrinos drives
wind off the surface (similar to “gain
layer” in core-collapse SNe)
distributed.
In allOechslin
of
the
configurations
considered,
the maget
al. (2007),
using a conformally
flat approximation
gions with den•
slow:
v
<~
0.1c
and an SPH code,
find that has
BNS mergers
of thedensities
type
onditions in the
netizedto GR
baryon-loaded
outflow
rest-mass
8 discussed
9
−3 and modeled with the Shen EOS avoid the
here
cally (and ther–10
g~cm
and is ejected from the star with velocities
•∼10
hot:
T
10
MeV
general-relativistic gravitational instability for many tens of
70; Bisnovatyi!milliseconds
0.1, in theafter
isotropic
part, stars
and v/c
! 0.3,
in the collithe neutron
first come
into contact.
jan et al. 2005;
•v/c
Y
>
0.25
(due
to
reabsorption
of
e
matedBaumgarte
part.
et al. (2000), and more recently Morrison et al.
2006; Burrows
neutrinos)
(2004),
Duez
et al. (2004, 2006), and Shibata et al. (2006),
ramatically enusing GR (and
EOS), find that
4 for some3using a polytropic
1
ng the density
Ṁ
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• imbalance of viscous heating from
MHD turbulence and neutrino
cooling off the disk midplane leads to
formation of hot corona that launches
thermal winds, further acceleration by
seed particle formation
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• imbalance of viscous heating from
MHD turbulence and neutrino
cooling off the disk midplane leads to
formation of hot corona that launches
thermal winds, further acceleration by
seed particle formation
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Figure 2. Same as Figure 1, but for model dip-6.
(A color version of this figure is available in the online journal.)
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transient, followed by the neutrino-driven wind. The displayed region covers 2000 × 2000 km . Regions that are infalling or denser than 1010 g cm−3 are shown in
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