The electromagnetic counterpart to a gravitational wave
source unveils a kilonova
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Gravitational waves were discovered with the detection of binary black hole mergers! and
they should also be detectable from lower mass neutron star mergers. These are predicted
to eject material rich in heavy radioactive isotopes that can power an electromagnetic signal
called a kilonova? ®#°®, The gravitational wave source GW170817 arose from a binary neu-

tron star merger in the nearby Universe with a relatively well confined sky position and dis-



tance estimate®. Here we report observations and physical modelling of a rapidly fading elec-
tromagnetic transient in the galaxy NGC4993, which is spatially coincident with GW170817
and a weak short gamma-ray burst” 8. The transient has physical parameters broadly match-
ing the theoretical predictions of blue kilonovae from neutron star mergers. The emitted
electromagnetic radiation can be explained with an ejected mass of 0:04 0:01M with an
opacity of 0:5cm?g ! at a velocity of 0:2  0:1c. The power source is constrained to
have a power law slope of = 1:2%0-% consistent with radioactive powering from r-process
nuclides. We identify line features in the spectra that are consistent with light r-process el-
ements (90 < A < 140). As it fades, the transient rapidly becomes red, and emission may
have contribution by a higher opacity, lanthanide-rich ejecta component. This indicates that
neutron star mergers produce gravitational waves, radioactively powered kilonovae, and are

a nucleosynthetic source of the r-process elements.

The Advanced LIGO and Advanced Virgo experiments > '° detected gravitational wave emis-
sion (called GW170817) on 2017 Aug 17 12:41:04 UT (MJD 57982.528524)° from the merger of
two in-spiralling objects consistent with being a neutron star binary. The source and initial skymap
was announced to the collaborating follow-up groups at 2017 Aug 17 13:08:17 UT. The small sky
area of 33.6 square degrees of the 90% probability contour in the combined LIGO and Virgo anal-
ysis (in the LALInference map'!- '?) prompted us to plan to tile the region with our Pan-STARRS
program to search for electromagnetic counterparts of gravitational wave sources. However, given
the low elevation and report of a transient discovery'? in a galaxy within the volume constrained

by LIGO-Virgo (released at 2017 Aug 18 01:05:23 UT)'3, we changed strategy to gather early



multi-colour photometry of the source called SSS17a'® and DLT17ck!* by the two teams, and for-
mally registered with an IAU name of AT2017gfo. We began imaging the source at 2017 Aug
18 05:33 UT with Pan-STARRS1 and then took our first spectrum under the extended Public ESO
Spectroscopic Survey for Transient Objects (€PESSTO'®) on 2017 Aug 18 23:20 UT. We started
photometric monitoring with GROND on 2017 Aug 18 23:56 UT providing combined photome-
try across the optical and infra-red bands, UgrizJHK; (Figure 1 and Extended Data Figure 1 and

Methods).

Before GW170817, we had monitored this sky area with ATLAS'® between 2015 Dec 12
15:50 UT and 2017 Aug 01 06:19 UT observing a total of 414 images, typically with 4-5 images
per night. No transient or astrophysical variability was detected at the position in ATLAS differ-
ence images to 5 limits of 0 = 18:7 and ¢ = 19:3 mag (see Methods and Extended Data Figure 2).
The ATLAS pre-discovery limits show that it is unlikely that AT2017gfo is a transient in NGC4993
which is not physically associated with GW 170817 and is merely a chance coincidence. We as-
sume that AT2017gfo is an unusual, supernova-like explosion in NGC4993 that exploded within
16 days of GW170817. The number of supernovae expected within the four-dimensional space
(volume and time) defined by the LIGO distance range for GW170817, (73 Mpc, the 3  limit®)
and within the 90% sky area of 33 square degrees, and within 16 days is ngxy = 0:005, assuming
a supernova rate !’ of Rgy = 1:0 10 4 Mpc ?yr !. It is unlike any known nearby, or distant,
supernova (see Extended Data Figures 1 and 3). If we assume that the rate of events similar to
AT2017gfois 1% of the volumetric supernova rate (see Methods Section) then the probability of

a chance coincidence in space and timeisp =5 10 ° (equivalent to 4 significance).



We calculated a bolometric lightcurve and total luminosity emitted assuming a distance to
NGC4993 of d =40 4 Mpc and appropriate Galactic foreground extinction (see Methods section
for details of the calculation). In Figure 2 we compare the absolute magnitude of AT2017gfo in all
bands to several kilonova models calculated for NS-NS mergers predicted before this discovery.
All models are powered by radioactivity of r-process elements ( -decays, -decays and fission)?
formed in the merger. The set includes both simple and advanced radiative-transfer treatments,
and they differ in their treatment of the opacity of the ejected material. Each of the models predict
fast-fading red transients, with some variation in luminosity and decline rate. If heavy lanthanides
(atomic masses A > 140) dominate the ejecta then the opacity is predicted to be high® 4, with the
inevitable consequence of a longer duration, infra-red transient as seen in Figure 2 for the Barnes
et al.'® and the Tanaka & Hotokezaka* lanthanide rich models. These models do reproduce the
near infra-red luminosity at 7 - 14 days but the observed early emission which is hot and blue
is not reproduced in merger models which are dominated by heavy lanthanide composition. The

Metzger model"

can produce a “blue kilonova” by using a lower opacity, appropriate for light
r-process elements (a blend of elements with 90 < A < 140). This model has a grey opacity and
a thermalization efficiency®” is assumed. The slope of the ejecta velocity distribution is defined
such that the amount of mass travelling above velocity V scales as M (> v) = My(v=vy) . This
gives a good fit to the data, suggesting that very high opacities, which block much of the optical
light are not applicable in the first 3 - 4 days or depend on orientation!®. A minimum velocity value

Ve; 7 0:1cis preferred, which within current simulation uncertainties is similar to both dynamic

and wind ejecta®®. We assess this is more likely a wind component as these can more easily obtain



low opacity (see Methods Section).

We further explore the “blue kilonova” scenario by calculating our own quantitative models

based on the semi-analytic methods of Arnett ?!, extended to adopt a general term for powering?> 2

9

and Metzger'®. For the Arnett model, we used a power law for the power term with absolute

scaling (decay per energy per gram per second) after 1 day as obtained in radioactivity models'®

with a free exponent  (such that P / t%). The other parameters are ejected mass M,;, energy

1

E (or equivalently velocity v,; as defined by 5

Mejvgj = E) and opacity . As and E are fully

p_
degenerate (as = E) when trapping is not explicitly coupled (as here), we effectively fit over

M.;, and =v.;. The best fits are shown in Figure 3. With no other constraints except that we
enforce V,; < 0:2c¢, the best fitting models have My; =0:02  0:01M , =01 (5&)cm’g *
and = 1:5703. If we also implement a thermalization efficiency?* ! to account for efficiency of

the powering mechanism to provide heat to the ejecta, the values change to My; =0:04 0:01M

=01 (52)cm?g 'and = 1:2%)3 (see Extended Data Figures4,5 for probability density

plots of the parameters).

The mass and power law exponent are remarkably close to predicted kilonova values. In
particular, has been shown to be robustly between 1.3 and 1.2 for r-process radioactivity,
with weak sensitivity to electron fraction and thermodynamic trajectory>2*25. We find the data
can be explained with a low mass of ejecta having opacity consistent with a blend of elements in
the 90 < A < 140 mass range powered by r-process radioactive decays. Our models interpret the

first three data points as the end of the diffusion phase, and match the later points with the early

10



tail phase (starting at 2 - 3 days).

Many previous kilonova models predict that if heavy r-process elements such as the lan-

I would be

thanides and actinides are produced then high opacities of around = 10 cm?g
likely* 2. In Figure 3 we show the best fits forcing = 10 cm?g '. No model with this high
opacity is able to fit all the data points well, but it can fit the later data points. In these high-opacity
models all observations are still within the diffusion phase, but a steeper power law for energy

input ( 2) is favoured to produce the right emergent luminosity, no longer consistent with
t 13, If our reconstructed bolometric light curve is accurate at all epochs, there is not much room
for a second component at later times as the blue one cannot drop faster than the power source
term. However, its possible that 2-component SED fitting would give somewhat different late time
bolometric estimates. Then a two-component model where the early light curve is produced by a
low-opacity ejecta (a wind component), and the later by a high-opacity one (dynamic ejecta) could
also be possible. The early blue flux is unlikely to be from a relativistic jet*® and an afterglow from

the weak gamma ray signal that was detected”-®, due to the rapid reddening and cooling and the

X-ray non-detections.

The optical and NIR spectra support the ejecta being dominated by the light r-process ele-
ments at least at early stages. We have used the TARDIS code?’ to construct simple models to
guide interpretation of our spectra. Our earliest NTT spectrum (epoch +1.4 day) is fairly well pa-
rameterised by a black-body of T, = 5200 K, and does not show the prominent spectral features

(Ca, Mg or Si) commonly detected in normal supernova spectra (see Extended Data Figure 3).

11



There are two broad and blended structures at 7400 A and 8300 A, respectively, which become
stronger in the subsequent spectra. We have extended the TARDIS atomic database to include
lines of elements with atomic number 31 < Z < 60 (or 60 < A < 140) from the Kurucz atomic
line list?®, although the available atomic data for these heavy elements is of limited quality and
quantity. We propose the broad feature at 7000-7500 A is from neutral Caesium (A = 133), and is
the 6s 2S ¥ 6p P resonance doublet (8521, 8943) at a photospheric velocity of ~ 0:15  0:20¢
(see Figure 4). Our model predicts no other strong features of Cs I in the observed region, which
could be used to confirm (or refute) this identification. For the redder absorption, we can identify
an intriguing potential match with the Tellurium (A = 128) 5p*(S)6s °S ¥ 5p3(*S)6p °P triplet of
Te 1. This moderate-excitation multiplet could plausibly be excited at the temperature in our model
and would produce absorption around 8000-8500 A. Reliable oscillator strengths for this multiplet
are not available in the NIST atomic spectra database®, but we included it in our TARDIS spectral
model by adopting loggf = 0 for each member of the triplet. This illustrates a broadly consis-
tent match with the velocity and thermal conditions that correspond to the Cs I identification. The
ionized states (Cs 1T and Te 11) are predicted to dominate by mass, meaning that our model can
not provide reliable elemental mass estimates (see Methods Section for more details). The second
spectrum covering 0.35-2.2 m further indicates that Cs I and Te I are plausible candidates. The
photospheric velocity adopted in TARDIS (0.2 ¢ for the +1.4 d spectrum) is roughly consistent
with that used in our light-curve model at this phase. We further checked atomic data line-lists

30

for possible light r-process elements *” in this range, finding neutral and singly ionized Sb, I and

Xe transitions. The Xe T lines align well with possible absorption features seen around 1.48 and

12



1.75 m in our +4.4 day spectrum, along with Cs1 and Tel features. However, in our TARDIS
models, the excitation energies of the relevant XeI states are too high to make lines of this ion an

important contributor at the temperatures considered, unless it is non-thermally excited.

The light curve and spectra of this fast-fading transient are consistent with an ejecta being
high velocity, low mass, and powered by a source consistent with the r-process decay timescales.
We can fit the full lightcurve with relatively low-opacity material consistent with the light r-process
elements. We can’t rule out that a second component consisting of the heavy lanthanides and
actinides contributes to the infra-red flux after 3 days. Orientation effects of the dynamic ejecta
and wind may play a role in what is observed '°. This shows that the nucleosynthetic origin of the

r-process elements®! can be in neutron star mergers.
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Figure 1: j  Observational data summary a: The position of AT2017gfo lying within the Ligo-Virgo
skymap'!">© b: Color composite image of AT2017gfo from GROND on 20170818 (MJD 57983.997), 1.45
days after GW 170817 discovery. The transient is 8.50° North, 5.40” East of the centre of NGC4993, an SO
galaxy at a distance of 40 4 Mpc. This is a projected distance of 2 kpc. The source is measured at position
of RA=13:09:48.08 DEC= 23:22:53.2 J2000 ( 0.1% in each) in our Pan-STARRS! images. c: ATLAS
limits between 40 and 16 days before discovery (orange filter), plus the Pan-STARRS1 and GROND r and
i-band light curve. d: Our full light curve data, which provides a reliable bolometric light curve for analysis.

Upper limits are 3 and uncertainties on the measured points are 1 .
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