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On 17 August 2017, gravitational waves were detected from a binary neutron star merger, GW170817,
along with a coincident short gamma-ray burst, GRB170817A. An optical transient source, Swope
Supernova Survey 17a (SSS17a), was subsequently identified as the counterpart of this event. We present
ultraviolet, optical, and infrared light curves of SSS17a extending from 10.9 hours to 18 days post-merger.
We constrain the radioactively powered transient resulting from the ejection of neutron-rich material. The

fast rise of the light curves, subsequent decay, and rapid color evolution are consistent with multiple
ejecta components of differing lanthanide abundance. The late-time light curve indicates that SSS17a
produced at least ~0.05 solar masses of heavy elements, demonstrating that neutron star mergers play a

role in
r-process nucleosynthesis in the universe.

The discovery of gravitational waves (GWs) from coalescing
binary black holes by the Laser Interferometer Gravitational
Wave Observatory (LIGO) has transformed the study of com-
pact objects in the universe (7, 2). Unlike black holes, merging
neutron stars are expected to produce electromagnetic radia-
tion. The electromagnetic signature of such an event can pro-
vide more information than the GW signal alone:
constraining location of the source, reducing the degenera-
cies in GW parameter estimation (3), probing the expansion
rate of the universe (4, 5), and producing a more complete
picture of the merger process (6, 7).

Short gamma-ray bursts (GRBs) have long been expected
to result from neutron star mergers (8, 9), and therefore
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would be a natural electromagnetic counterpart to GWs (10).
Unfortunately, their emission is beamed, so that it may not
intersect our line of sight (11). The possibility that only a
small fraction of GRBs may be detectable has motivated the-
oretical and observational searches for more-isotropic elec-
tromagnetic signatures, such as an astronomical transient
powered by the radioactive decay of neutron-rich ejecta from
the merger (12-17). Referred to as a macronova or kilonova,
the detection of these events would provide information on
the origin of many of the heaviest elements in the periodic
table (18).

It has long been realized that approximately half of the

(Page numbers not final at time of first release) 1

/102 ‘T JaquianoN uo /610’ Bewaduslos aousios//:dny woiy papeojumod


http://www.sciencemag.org/
http://science.sciencemag.org/

elements heavier than iron are created via r-process nucleo-
synthesis—the capture of neutrons onto lighter seed nuclei
on a time scale more rapid than p-decay pathways (19, 20).
However, it is less clear where the r-process predominantly
occurs, namely whether the primary sources of these ele-
ments are core-collapse supernovae or compact binary mer-
gers (black hole-neutron star or neutron star-neutron star)
(21, 22). For supernovae, direct detection of the electromag-
netic signatures from r-process nucleosynthesis is obscured
by the much larger luminosity originating from hydrogen re-
combination (for hydrogen-rich supernovae) or nickel-56 and
cobalt-56 decay (for hydrogen-poor supernovae). By contrast,
it may be possible to measure the r-process nucleosynthesis
after a compact object merger from the associated transient,
based on its radioactive decay. Such a measurement would
demonstrate directly that r-process elements are produced in
compact mergers, and provide an estimate of the r-process
yield. While there has been some tentative evidence for Ki-
lonovae following short gamma-ray bursts (23, 24), no con-
clusive event has yet been observed.

On 17 August 2017, LIGO and Virgo detected the gravita-
tional wave source GW170817, which was identified as a bi-
nary neutron star merger based on the waveform (25-27). At
23:33 UTC on 17 August 2017 (10.86 hours post-merger), an
optical transient, Swope Supernova Survey 2017a (SSS17a),
was identified in the galaxy NGC 4993 by the IM2H collabo-
ration and was determined to be associated with this event
(28, 29). Within an hour of the identification, we began ob-
serving the spectral energy distribution (SED) of SSS17a from
the g- to K-bands with the Magellan telescopes (30). Early
spectra of the source, also obtained within an hour of the op-
tical discovery, were blue and smooth, indicating that the
transient event was initially very hot (31, 32). Over the follow-
ing weeks, we acquired optical and near-infrared (near-IR)
imaging of SSS17a at Las Campanas Observatory and W. M.
Keck Observatory with the Swope, du Pont, Magellan, and
Keck-I telescopes, which are analyzed below (33). A compan-
ion paper presents optical spectroscopy of SSS17a for an over-
lapping time period (32). Figure 1A shows the discovery
image, composed of g-, 7-, and H-band Magellan/Swope im-
aging from the night of August 17. For comparison, Fig. 1B
shows a color image from observations obtained 4 days later.
The change in color of SSS17a between these images demon-
strates the rapid evolution of this transient.

The resulting light curves are shown in Fig. 2, augmented
with measurements made from public Swift imaging at ultra-
violet wavelengths, and European Southern Observatory
(ESO) images in the optical and near-IR (33). SSS17a under-
goes a rapid rise on a time scale that varies with wavelength,
from <12 hours in the ultraviolet (UV) and optical bands, to
1-2 days in the near-IR. Over subsequent days, the transient
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fades quickly. This decline proceeds most rapidly in the blu-
est bands, where SSS17a fades by >1.5 mag day’, but more

slowly in the near-IR, where a ~3.5 magnitude decline takes
nearly 3 weeks. After correcting for foreground Milky Way
reddening (33) and the distance to NGC 4993 of 39.5 mega-
parsecs (Mpc), we find that SSS17a has a peak magnitude of
-16.04 mag in the optical (V’-band) and -15.51 mag in the
near-IR (H-band), and undergoes a large color evolution. Be-
tween 0.5 and 4.5 days post-merger the V- H color of SSS17a
transitions from -1.2 mag to +3.6 mag (fig. S1). While SSS17a
reaches absolute magnitudes typically associated with faint
core-collapse supernovae, it both declines in magnitude and
evolves to redder colors more rapidly than known optical ex-
tragalactic transients (33, 34).

We construct UV to near-IR SEDs for SSS17a at ten epochs
between 0.5 and 8.5 days after the gravitational wave trigger
(Fig. 3). Within eight days, the peak of the SED falls by a fac-
tor of >70 in flux, and shifts from the near-UV ( <4500 A)

to the near-IR (> 1.5 um). The SED at each epoch can be fit-

ted with a blackbody distribution (reduced x2 ~ 1-2), so we
consider that the emission is largely thermal. Some devia-
tions are present, most notably an excess around 1 um (Y-
band) present from day 1.5 onward (33). The associated color
temperatures show that between twelve and thirty-six hours
post-merger, SSS17a cooled from ~10,000 K to ~5,100 K. Be-
tween 0.5 and 5.5 days post-merger, the evolution of the color
temperature (7;,) with time (¢) is consistent with a power-law
decline: T, oct™ %% After 5.5 days, the temperature asymp-

totically approached ~2500 K.

Using the SEDs from each epoch shown in Fig. 3, we con-
struct a pseudo-bolometric light curve, which accounts for
flux across the electromagnetic spectrum. We compute and
sum the SED fluxes using an iterative technique (33). To ac-
count for flux outside the range of our observations, we ex-
trapolate blackbody emission based on our best-fitting
distributions. For flux at shorter wavelengths than our data,
the correction factor is ~40% at 0.5 days—as the temperature
is hottest and our observations are limited to wavelengths
A= 4500 A-Dbut it falls below 1% by 0.67 days, when Swift-
UVOT observations begin and the transient rapidly cools. The
complementary correction factor for flux at longer wave-
lengths than our K-band observations ranges from ~1% at day
0.5t0 38% at day 8.5. We plot the resulting pseudo-bolometric
light curve in Fig. 4A. The lower limits of the error bars show
the amount of flux that we directly observed. In Fig. 4C, we
combine our fitted temperatures with the bolometric lumi-
nosity (Lyq) to estimate an effective photospheric radius
(Rphot)-

For observations >8.5 days after the merger, we only de-
tect the source in the either the H- or K-band at any given
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time, so we cannot directly measure the temperature. To es-
timate bolometric luminosities and photospheric radii at
these later epochs, we assume an effective temperature of
2500730, K. Though the physical motivation for this choice

is further detailed below, observationally, the measurable
color temperature is approaching this value from 5.5-8.5 days
post-merger. Further, the AH- and K-bands fall near the peak
of the SED for blackbodies in the temperature range 1500-
3000 K. As a result, bolometric corrections for either the H-
or K-band over this entire temperature range lead to a varia-
tion in the estimated luminosity of less than a factor of 1.6.
Error bars representing this full range are included in Fig. 4,
A and C.

The pseudo-bolometric light curve has a peak value of
~10*2 erg s at 0.5 days post-merger, corresponding to our
first epoch of observations, and the total radiated energy over
18 days is ~1.7 x 10*7 erg. Between 0.5 and 5.5 days post-mer-
ger, the bolometric light curve is consistent with a power-law

decline of Ly, oct®®% After 55 days, the best-fitting

power-law is steeper, with L, oct™***"® between 7.5 and 13.5
days.

We use the evolution of Ly, ¢, and Rpnot to constrain the
energy source powering the emission from SSS17a. We first
explore whether the physical properties of SSS17a are con-
sistent with a transient powered by the radioactive decay of
r-process elements. Models for r-process powered transients
predict that the energy generation rate, ¢, , is proportional to

t'? (14, 15, 33). This power-law is similar to the slope observed
in the late-time bolometric light curve of SSS17a. To directly
compare the predictions for r-process heating to our observed
luminosities, we multiply this intrinsic heating rate by a time-
dependent thermalization efficiency (60-25%) (33), and fit
our data. According to Arnett’s Law, the peak luminosity of a
radioactively powered transient should correspond to the in-
stantaneous heating rate (35). Under the hypothesis that the
luminosity at 0.5 days post-merger is due to r-process heat-
ing, this implies that ~0.01 solar masses (M) of r-process
material was generated. The heating rate for this mass of r-
process material, M, is plotted in Fig. 4A.

While heating from ~0.01 Mo of r-process ejecta could ex-
plain the peak observed luminosity, it would have several fur-
ther consequences. First, the fast rise (<0.5 days) would
require that the specific opacity, k, of this material be less
than ~0.08 cm?g™! (33). The opacity is strongly dependent on
the presence of lanthanide elements, because they have a
large number of bound-bound transitions due to the presence
of an open f shell (36). This low inferred opacity would thus
imply that the early ejecta cannot be lanthanide-rich. Then,
the abundance of lanthanides is strongly dependent on the
neutron-richness of the ejecta, often expressed as the electron
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fraction Y,, where Y, = 0.5 for symmetric matter (equal pro-
portions of neutrons and protons) and Y, = 0 for pure neu-
trons. To produce material with such low opacity that is
relatively lanthanide-free would require Y, > 0.3.

Second, this low inferred opacity would cause the associ-
ated material to quickly become optically thin (within ~2
days; when SSS17a is blue/hot). A low optical depth is incon-
sistent with the continuing optical emission that we observed
over the following weeks from SSS17a, so this model necessi-
tates an additional higher-opacity component. Comparing
the r-process heating to the later light curve yields a mass
estimate of 0.05 + 0.02 Mo (Fig. 4A), but for SSS17a to remain
optically thick for a time scale of 2-3 weeks requires an opac-
ity £>5cm’ g™. The evolution of the light curve over this

time interval therefore constitutes evidence for a second, lan-
thanide-rich component, which dominates at later times
when the SSS17a is red/cool.

Such two-component ejecta are generally expected for
neutron star mergers (37, 38). This structure could corre-
spond to two distinct physical components, where the lantha-
nide-rich component arises from material ejected on
dynamical time scales via processes such as tidal forces (39)
and the lanthanide-free component forms on longer time
scales (~seconds), such as from the accretion disk wind (40).
Alternatively, both of these compositional components could
arise from the same dynamical ejecta (41, 42). The exact con-
tribution of each component to the observed light curve de-
pends on the mass ratio of the merging binary, as well as the
orientation relative to the line of sight (43). For example, it is
possible that the blue component could be underestimated if
it is partially obscured/absorbed by the material producing
the red component. Detailed modeling, which accounts for
these degeneracies, is presented in a companion paper (44).

Figure 4C shows the evolution of the measured radii. A
comparison to model curves for material moving at 10%, 20%,
and 30% of the speed of light indicates that the photosphere
expands at relativistic speeds in the first few days. However,
after about 5 days, the photosphere begins moving inward.
This behavior is reminiscent of hydrogen-rich core-collapse
supernovae following hydrogen recombination (45), and a
similar process may be occurring here. In the case of an r-
process powered transient, recombination of the open f-shell
lanthanide elements, such as neodymium, is expected to
begin at a temperature of ~2500 K (36). These ionized ele-
ments are the dominant opacity source, so the recombination
causes the opacity to decline rapidly and the photosphere to
move inward. This interpretation is corroborated by the ef-
fective temperature of ~2500 K that we measure from the
SED for t > 5 days, and supports our assumption of a roughly
constant temperature throughout the remainder of the evo-
lution.
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Other processes have been considered for providing an
optical counterpart to neutron star mergers, including mag-
netic dipole spin down, heating from radioactive nickel, and
cocoon emission, e.g. (46-48). These models must be com-
pared with our detailed observations as well. For instance,
luminosity powered by the spin-down of a magnetic dipole is

predicted to scale as L, oct™, steeper than the measured bo-

lometric light curve of SSS17a, and should produce strong X-
ray emission (46). Then, similar to r-process heating, power
from radioactive nickel cannot self-consistently reproduce
the entire photometric evolution of SSS17a—fitting both the
peak luminosity and fast decline leads to the unphysical re-
quirement that the mass of radioactive nickel approaches or
exceeds the total ejecta mass (33). Still, we find that it is pos-
sible to reproduce the bolometric evolution between 7.5 and
18 days post-merger with heating due to ~0.002 Mo of radio-
active nickel (33)—if another emission process dominates at
early times. However, nickel heating due does not naturally
explain the temperature evolution observed in SSSi17a. A
rapid evolution to very red colors is not observed in other
known transients powered by radioactive nickel (34).

Thus, we conclude that the late-time ( > 5 days) decay rate

and color evolution of SSS17a are consistent with a transient
powered by the radioactive decay of r-process elements. If the
early emission is also powered by r-process heating, multiple
ejecta components with differing lanthanide abundances are
required. Overall, we estimate that at least ~0.05 Mo of r-
process material is generated in this event from the late-time
light curve.

The predicted mass fraction of lanthanides in this mate-
rial is ~0.1-0.5, depending on Y, (41). Typical solar abundance
(by mass fraction) for the r-process elements with mass num-
ber A > 100 is ~8 x 107 (49), resulting in a Milky Way r-
process production rate of ~3 x 1077 Mo yr? (47, 50). If neu-
tron star mergers dominate r-process production, this pro-
duction rate requires an event like GW170817/SSS17a in our
Galaxy every 20,000-80,000 years, or a volume density of
~(1-4) x 107 Mpcyr~. At their design sensitivity, Advanced
LIGO, Advanced Virgo and the Kamioka Gravitational Wave
Detector (KAGRA) will be able to detect binary neutron star
mergers out to 200 Mpc (51), leading to a possible detection
rate of ~3-12 per year. This rate translates to less than one
event per year as nearby as GW170817/SSS17a. This number
would increase if the r-process mass we calculate for SSS17a
is overestimated. Such an overestimate could occur if our as-
sumed heating efficiency is too low or if this event produced
more ejecta than an average neutron star merger.

Empirical explanation for the portion of the periodic table
expected to result from r-process nucleosynthesis has been
elusive. The UV to near-IR light curves of the neutron star

First release: 16 October 2016

WWW.sciencemag.org

merger GW170817/SSS17a provide evidence for binary neu-
tron star mergers as an origin for these elements. Observa-
tions of more events are now required to precisely map r-
process yields from this channel.
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2017 August 17 2017 August 21
-

Swope & Magellan Telescopes

Fig. 1. Pseudo-color images of SSS17a in the galaxy NGC 4993. Images
are 1 x 1 arcminutes and centered on NGC 4993; SSS17a is indicated by a
blue arrow in each panel. The red, green, and blue channels correspond to
the H-band, i-band, and g-band images described in (33). (A) Images taken
on the night of 17 August 2017, 0.5 days after the merger. (B) Images taken
on the night of 21 August 2017, 4.5 days after the merger. Over four days,
SSS17a both faded and became redder.
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Fig. 2. Ultraviolet to near-infrared photometry of SSS17a.
Observations begin 10.9 hours after merger and continue to
+18.5 rest-frame days. SSS17a exhibits both a rapid rise and
decline, and becomes substantially redder with time.
Detections are shown as circles and connected by solid lines for
a given photometric band. Upper limits are shown as triangles
and connected by dotted lines. The time of merger is indicated
by a vertical dashed line. The right hand vertical axis accounts
only for the distance to the host galaxy, NGC 4993. For absolute
magnitudes corrected for foreground Milky Way reddening, see
(33).
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Fig. 3. Evolution of the ultraviolet to near-infrared
spectral energy distribution (SED) of SSS17a. (A) The
vertical axis, log F,., is the logarithm of the observed
flux. Fluxes have been corrected for foreground Milky
Way extinction (33). Detections are plotted as filled
symbols and upper limits for the third epoch (1.0 days
post-merger) as downward pointing arrows. Less-
constraining upper limits at other epochs are not plotted
for clarity. Between 0.5 and 8.5 days after the merger,
the peak of the SED shifts from the near-UV (<4500 A)
to the near-IR (>1 pm), and fades by a factor >70. The
SED is broadly consistent with a thermal distribution
and the colored curves represent best-fitting blackbody
models at each epoch. In 24 hours after the discovery of
SSS17a, the observed color temperature falls from
>10,000 K to ~5000 K. The epoch and best-fitting
blackbody temperature (rounded to 100 K) are listed.
SEDs for each epoch are also plotted individually in fig.
S2 and described in (33). (B) Filter transmission
functions for the observed photometric bands.
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Fig. 4. Physical parameters derived from the ultraviolet to near-
infrared SEDs of SSS17. Vertical dashed lines indicate the time of
merger and four days post-merger, between which SSSl17a
undergoes a period of rapid expansion and cooling. (A) Pseudo-
bolometric light curve evolution; representative r-process
radioactive heating curves are also shown. While the initial observed
peak is consistent with ~0.01 Mg of r-process material (blue curve),
this under-predicts the luminosity at later times. Instead, the late-
time (>4 day) light curve matches radioactive heating from 0.05 +
0.02 Mo of r-process material (red curves). (B) Best-fitting
blackbody model temperatures. 11 hours after the merger, SSS17a
is consistent with a blackbody of >10,000 K. Between 4.5 and 8.5

days, the temperature asymptotically approaches ~2500 K — the
temperature at which open f-shell lanthanide elements are
expected to recombine. Radii and luminosities beyond 8.5 days are
computed assuming a temperature of 2500*3%, K and are plotted as

squares. This temperature range is highlighted by the orange
horizontal band. (C) Best-fitting blackbody model radii. Curved lines
represent the radius of material moving at 10%, 20%, and 30% the
speed of light. At early times the increase in radius with time implies
that the ejecta are expanding relativistically. After ~5 days, the

Rest—frame time from merger (days) measured radii decrease, likely due to recombination.
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