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With the first direct detection of merging black holes in 2015, the era of gravitational wave
(GW) astrophysics began. A complete picture of compact object mergers, however, requires the
detection of an electromagnetic (EM) counterpart.We report ultraviolet (UV) and x-ray
observations by Swift and the Nuclear Spectroscopic Telescope Array of the EM counter
part of the binary neutron star merger GW170817.The bright, rapidly fading UVemission
indicates a high mass (≈0.03 solar masses) wind-driven outflow with moderate electron fraction
(Ye ≈ 0.27). Combined with the x-ray limits, we favor an observer viewing angle of ≈30° away
from the orbital rotation axis, which avoids both obscuration from the heaviest elements in the
orbital plane and a direct view of any ultrarelativistic, highly collimated ejecta (a g-ray burst
afterglow).

A
t 12:41:04.45 on 17 August 2017 (universal
time is used throughout this work), the
Laser Interferometer Gravitational-Wave
Observatory (LIGO) and Virgo Consortium
(LVC) registered a strong gravitational

wave (GW) signal (LVC trigger G298048) (1),
later named GW 170817 (2). Unlike previous GW
sources reported by LIGO, which involved only
black holes (3), the gravitational strain wave-
forms indicated a merger of two neutron stars.
Binary neutron star mergers have long been con-
sidered a promising candidate for the detection
of an electromagnetic counterpart associated
with a GW source.
Two seconds later, theGamma-RayBurstMon-

itor (GBM) on the Fermi spacecraft triggered on
a short (duration, ≈2 s) g-ray signal consistent
with the GW localization, GRB 170817A (4, 5).
The location of the Swift satellite (6) in its low-
Earth orbit meant that the GW and g-ray burst

(GRB) localizations were occulted by Earth (7)
and sonot visible to its BurstAlert Telescope. These
discoveries triggered a worldwide effort to find,
localize, and characterize the EM counterpart
(8). We present ultraviolet (UV) and x-ray obser-
vations conducted as part of this campaign; com-
panion papers describe synergistic efforts at radio
(9) and optical/near-infrared (10) wavelengths.

Search for a UV and x-ray counterpart

Swift began searching for a counterpart to
GW170817 with its X-Ray Telescope (XRT) and
UV/Optical Telescope (UVOT) at 13:37 (time since
theGWandGRB triggers, Dt= 0.039 days). At the
time, the most precise localization was from the
Fermi-GBM (90% containment area of 1626 deg2),
so we imaged a mosaic with radius ~1.1° cen-
tered on the most probable GBM position. Sub-
sequently, at 17:54 (Dt = 0.2 days) a more precise
localization became available from the LIGO and

Virgo GW detectors, with a 90% containment
area of only 33.6 deg2 (11). Following the strategy
outlined in (12), Swift began a series of short
(120 s) exposures centered on known galaxies in
the GW localization (Fig. 1) (7).
No new, bright [x-ray flux (fX) ≥ 10−12 erg

cm–2 s–1] x-ray sourceswere detected in thewide-
area search (XRT imaged 92% of the distance-
weightedGW localization) (7). In order to quantify
the likelihood of recovering any rapidly fading
x-ray emission, we simulated 10,000 short GRB
afterglows based on a flux-limited sample of short
GRBs (13) and randomly placed them in the three-
dimensional (3D) (distance plus sky position) GW
localization, weighted by the GWprobability. We
found that in 65% of these simulations, we could
recover an x-ray afterglow with our wide-area
tiling observations (7).
At 01:05 on 18 August 2017 (Dt = 0.5 days), a

candidate optical counterpart, Swope Supernova
Survey 17a (SSS17a) (14, 15), was reported in
the galaxy NGC 4993 [distance (d) ≈ 40 Mpc].
Ultimately, this source, which we refer to as
EM 170817, was confirmed as the electromagnet-
ic counterpart to theGWdetection and theFermi
GRB (8), making it the closest known short GRB
to Earth. Follow-up observations of EM 170817 (7)
with Swift began at 03:34 (Dt = 0.6 days) and
with the Nuclear Spectroscopic Telescope Array
(NuSTAR) (16) at 05:25 (Dt = 0.7 days). In the
first exposures (Dt = 0.6 days), the UVOT de-
tected a bright fading UV source at the location
of EM 170817 (Fig. 2). The initial magnitude was
u ¼ 18:19þ0:09

�0:08 mag (AB), but subsequent expo-
sures revealed rapid fading at UV wavelengths.
The rapid decline in the UV is in contrast to the
optical and near-infrared emission, which re-
mained flat for a much longer period of time
(Fig. 3) (10).
Neither the Swift-XRT nor NuSTAR instru-

ments detected x-ray emission at the location
of EM 170817. A full listing of the Swift-XRT and
NuSTAR upper limits at this location is provided
in table S2.

The UV counterpart rules out an
on-axis afterglow

In the standard model of GRBs (17, 18), the
prompt g-ray emission is generated by internal
processes in a highly collimated, ultrarelativistic
jet. As the ejecta expand and shock heat the cir-
cumburst medium, electrons are accelerated and

RESEARCH

Evans et al., Science 358, 1565–1570 (2017) 22 December 2017 1 of 5

1University of Leicester, X-ray and Observational Astronomy Research Group, Leicester Institute for Space and Earth Observation, Department of Physics and Astronomy, University Road, Leicester
LE1 7RH, UK. 2Astrophysics Science Division, NASA Goddard Space Flight Center, Greenbelt, MD 20771, USA. 3Joint Space-Science Institute, University of Maryland, College Park, MD 20742, USA.
4Department of Astronomy and Astrophysics, The Pennsylvania State University, University Park, PA 16802, USA. 5University College London, Mullard Space Science Laboratory, Holmbury St. Mary,
Dorking RH5 6NT, UK. 6Center for Theoretical Astrophysics, Los Alamos National Laboratory, Los Alamos, NM 87545 USA. 7Cahill Center for Astronomy and Astrophysics, California Institute of
Technology, 1200 East California Boulevard, Pasadena, CA 91125, USA. 8The Raymond and Beverly Sackler School of Physics and Astronomy, Tel Aviv University, Tel Aviv 69978, Israel. 9Center for
Computational Astrophysics, Simons Foundation, 162 5th Avenue, New York, NY 10010, USA. 10Center for Research and Exploration in Space Science and Technology (CRESST) and NASA
Goddard Space Flight Center, Greenbelt, MD 20771, USA. 11Department of Physics, University of Maryland, Baltimore County, 1000 Hilltop Circle, Baltimore, MD 21250, USA. 12Istituto Nazionale di
Astrofisica (INAF)–Osservatorio Astronomico di Brera, Via Bianchi 46, I-23807 Merate, Italy. 13Department of Physics, University of Warwick, Coventry CV4 7AL, UK. 14Department of Physics and
Astronomy, University of Maryland, College Park, MD 20742-4111, USA. 15INAF–Istituto di Astrofisica Spaziale e Fisica Cosmica Palermo, via Ugo La Malfa 153, I-90146, Palermo, Italy. 16INAF–Osservatorio
Astronomico di Roma, via Frascati 33, I-00040 Monteporzio Catone, Italy. 17Space Science Data Center–Agenzia Spaziale Italiana (ASI), I-00133 Roma, Italy. 18Department of Astronomy and Space
Sciences, University of Istanbul, Beyzt 34119, Istanbul, Turkey. 19Department of Physical Sciences, Southern Utah University, Cedar City, UT 84720, USA. 20Institute for Gravitation and the Cosmos, The
Pennsylvania State University, University Park, PA 16802, USA. 21Kinard Lab of Physics, Department of Physics and Astronomy, Clemson University, Clemson, SC 29634–0978, USA. 22Division of Physics,
Mathematics and Astronomy, California Institute of Technology, Pasadena, CA 91125, USA. 23Universities Space Research Association, 7178 Columbia Gateway Drive, Columbia, MD 21046, USA.
24National Science Foundation, 2415 Eisenhower Avenue, Alexandria, VA 22314, USA. 25Dark Cosmology Centre, Niels Bohr Institute, University of Copenhagen, Juliane Maries Vej 30, DK-2100
Copenhagen Ø, Denmark. 26Los Alamos National Laboratory, B244, Los Alamos, NM 87545, USA. 27The Oskar Klein Centre, Department of Astronomy, AlbaNova, Stockholm University, SE-106 91
Stockholm, Sweden. 28Department of Physics and Mathematics, Aoyama Gakuin University, Sagamihara, Kanagawa, 252-5258, Japan.
*Corresponding author. Email: pae9@leicester.ac.uk

on D
ecem

ber 21, 2017
 

http://science.sciencem
ag.org/

D
ow

nloaded from
 

http://science.sciencemag.org/


emit a broadband synchrotron afterglow. OurUV
and x-ray observations place strong constraints
on the presence and/or orientation of such ejecta
after GW170817.
In Fig. 4, we plot the median and 25 to 75%

distribution of short GRB afterglows (13), scaled
to the distance of NGC 4993. Although a handful
of short GRBs have extremely fast-fading after-
glows (19) that would have been missed by our
observations, the bulk of the population would
have been easily detectable (7).
We can translate these x-ray upper limits to

physical constraints by using the standard an-
alytic afterglow formulation for synchrotron
emission (7). We found that for on-axis viewing
geometries, our nondetections limit the amount
of energy coupled to relativistic ejecta (EAG) to
be EAG < ~1050 erg (assuming the energy is ra-
diated isotropically). To verify this result, we ran
a series of simulations using the afterglow light
curve codeBOXFIT (20). Over the range of circum-
burst densities and afterglow energies inferred
for short GRBs (21), we calculated the x-ray flux
at the time of our firstNuSTAR epoch (which pro-

vides the tightest constraints, given typical after-
glowdecay rates). The results are shown in Fig. 4,
yielding a similar constraint (<~1050 erg) on the
afterglow energy as our analytic approach.
Our x-ray upper limits also help to rule out an

afterglow origin for theUV emission: the optical–
to–x-ray spectral index bOX ≥ 1.6 at Dt = 0.6 days
is highly inconsistent with observed GRB after-
glows (22). Analysis of the UV/optical spectral en-
ergy distribution (SED) at early times (Dt≤ 2days)
further supports this conclusion (7). Fitting the
SED with a blackbody function yields a temper-
ature TBB(Dt = 0.06 days) = 7300 ± 200 K, and
TBB(Dt = 1.0 day) = 6400 ± 200 K (Fig. 3). A power-
lawmodel, as would be expected for synchrotron
afterglow radiation, provides a very poor fit to the
data (7).We therefore conclude that the observed
UV counterpart must arise from a different phys-
ical process than an on-axis GRB afterglow.
Given the apparent absence of energetic, ultra-

relativistic material along the line of sight, the
detection of a short GRB is somewhat puzzling.
The isotropic g-ray energy release of GRB 170817A,
Eg,iso = (3.08 ± 0.72) × 1046 erg, is several orders

of magnitude below any known short GRB (23).
But even by using the observed correlation (13)
between Eg,iso and x-ray afterglow luminosity,
the predicted x-ray flux at Dt = 0.06 days is still
above our Swift and NuSTAR upper limits.
This requires an alternative explanation for

the observed g-ray emission, such as a (typical)
short GRB viewed (slightly) off-axis, or the emis-
sion from a cocoon formed by the interaction
of a jet with themerger ejecta (24–26).We return
to this issue below in the context of late-time
(Dt > ~10 days) x-ray emission (9, 10).

Implications of the early UV emission

Although inconsistent with ultrarelativistic ejecta
(such as a GRB afterglow), our UVOT observa-
tions nonetheless imply an ejecta velocity that
is a substantial fraction of the speed of light (c).
If we convert the effective radii derived in our
SED fits (Fig. 3) to average velocities, �v ≡ RBB=Dt
(RBB is the radius of the emitting photosphere,
Dt is the time delay between the trigger and the
SED), we find that �v (Dt = 0.06 days) ≈ 0.3c, and
�v (Dt = 1.0 day)≈ 0.2c (27, 28). These velocities are
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Fig. 1. Skymap of Swift XRTobservations,
in equatorial (J2000) coordinates. The gray
probability area is the GW localization (52), the
blue region shows the Fermi-GBM localization,
and the red circles are Swift-XRT fields of view.
UVOT fields are colocated with a field of view
60% of the XRT. The location of the counterpart,
EM 170817, is marked with a large yellow cross.
The early 37-point mosaic can be seen, centered
on the GBM probability. The widely scattered
points are from the first uploaded observing plan,
which was based on the single-detector GW
skymap. The final observed plan was based on
the first three-detector map (11); however, we
show here the higher-quality map (52) so that
our coverage can be compared with the final
probability map [which was not available at the
time of our planning (7)].

0.42 guA 710251.81 guA 7102

1’
10"

2017 Aug 18.15

Fig. 2. False-color UV image of the field of EM 170817.The u, uvw1, and uvm2 filters have been assigned to the red, green, and blue channels,
respectively. (A) Bright UV emission is clearly detected in our first epoch, which (B) rapidly fades at blue wavelengths. (C) A zoom-in of the first epoch
with the transient circled. All images are oriented with north up and east to the left.
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much larger than seen in even the fastest known
supernova explosions (29). Similarly, the rapid cool-
ing of the ejecta, resulting in extremely red colors at
Dt ≥ 1 day (Fig. 3), is unlike the evolution of any
common class of extragalactic transient (30).
Both of these properties are broadly consistent

with theoretical predictions for electromagnet-
ic counterparts to binary neutron star mergers
known as kilonovae (sometimes called macro-
novae or mini supernovae) (31, 32). Numerical
simulations of binary neutron star mergers im-
ply that these systems can eject ~10−3 to 10−2

solar masses (M⊙) of material with velocity (v) ~
0.1 to 0.2c, either via tidal stripping and hydro-
dynamics at the moment of contact [hereafter
referred to as dynamical ejecta (33)] or by a variety
of processes after the merger, which include vis-

cous, magnetic, or neutrino-driven outflows from
a hypermassive neutron star (if this is at least the
temporary postmerger remnant) and accretion
disc (34–37). All of these postmerger outflows are
expected to have a less neutron-rich composi-
tion than the dynamical ejecta, and in this study,
we use the general term “winds” to refer to them
collectively.
Next, we examined the implications of the rel-

atively brightUV emission at early times. SuchUV
emission is not a generic prediction of all kilonova
models; large opacity in the ejecta owing to nu-
merous atomic transitions of lanthanide elements
can suppress UV emission, even at early times
(38, 39). This is particularly true for the dynamical
ejecta, in which a large fraction of the matter is
thought to be neutron-rich [electron fraction (Ye)≤

0.2] and so produces high–atomic number ele-
ments (with ~126 neutrons) via rapid neutron
capture [the r-process (40)].
In contrast to the dynamical ejecta, a wind can

have a substantially larger electron fraction, par-
ticularly if irradiated by neutrinos. Ye values of
~0.2 have been inferred from accretion discs
around rapidly spinning black holes (41), whereas a
long-lived hypermassive neutron starmay increase
the neutrino flux even further (Ye ~ 0.3) (35). As a
result of these large electron fractions, nucleo-
synthesis is expected to stop at the second or even
first r-process peak (elements with 82 or 50 neu-
trons respectively), resulting in few (if any) lantha-
nide elements and a dramatically reduced opacity.
Our x-ray nondetections place limits on the

presence of a long-lived hypermassive neutron
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Fig. 3. UV and optical light curves and SEDs. (A) Swift-UVOT light curve of the optical counterpart EM 170817 of GW170817.The data are corrected for
host galaxy contamination. Upper limits are plotted as inverted triangles. Also shown are host-subtracted optical and near-infrared photometry from
Pan-STARRS (53). (B and C) The spectral energy distribution of EM 170817, with blackbody models (black curves) demonstrating the rapid cooling of the
ejecta. Overplotted are the best-fitting kilonova models (colored lines), in which the wind ejecta have mass 0.03 M⊙ and velocity 0.08c, whereas the
dynamical ejecta have mass 0.013 M⊙ and velocity 0.3c (7). The red triangle in (C) is a 3s upper limit.
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Fig. 4. Predicted x-ray flux of an afterglow to GW170817. (A) The
distribution of short GRB light curves (13), scaled to 40 Mpc.The solid line
shows the median behavior; the two dashed-dotted lines represent the
25 and 75 percentiles. The blue line with the triangle corresponds to the
time range covered by the large-scale tiling with Swift-XRTand shows
the typical sensitivity achieved per tile.The red arrows represent the XRTupper
limits on emission from EM 170817 obtained by summing all the data up

to the time of the arrow. The gray diamonds show the NuSTAR limits on
emission from EM 170817. (B) The x-ray flux predicted for an on-axis jet for
a range of isotropic afterglow energies and circumburst densities. The
black line indicates the flux upper limit of the firstNuSTAR observation; red
squares are known short GRBs with EAG and n0 (21). Our observations
rule out an energetic, ultrarelativistic outflow with EAG > ~1050 erg for
on-axis geometries.

RESEARCH | RESEARCH ARTICLE
on D

ecem
ber 21, 2017

 
http://science.sciencem

ag.org/
D

ow
nloaded from

 

http://science.sciencemag.org/


star (7). In particular, we can rule out any plausible
neutron star remnantwith a strongmagnetic field
that lived past the time of our first Swift and
NuSTAR observations (which would effectively be
a stable remnant, given the viscous time scale of
the accretion disc). Nonetheless, a short-lived or
low–magnetic field hypermassive neutron star or
a rapidly spinning black hole would both be con-
sistent with our results.
To investigate the plausibility of a wind origin

for the early UV emission, we have produced a
series of 2Dmodels, varying the ejecta properties
(mass, velocity, and composition) (7, 42). We as-
sume that the tidal ejecta are more neutron-rich
(Ye≈ 0.04) than thewind ejecta (Ye≈ 0.27 to 0.37)
and produce a sizable fraction of lanthanides that
obscure the optical and UV emission. The spatial
distribution of this high-opacity ejecta is based
onmerger models (43). Obscuration by the disc
formed from this high-opacity material causes a
viewing-angle effect (42).
In order to reproduce the early UV emission, we

requiremodelswith awindejectamass>~0.03M⊙.
Furthermore, amodest electron fraction (Ye≈ 0.27),
with substantial amounts of elements from the
first r-process peak, is strongly favored over larger
Ye ejecta (Ye ≈ 0.37, corresponding to mostly Fe-
peak elements).
The presence of bright UV emission strongly

constrains the observer viewing angle of the bi-
nary neutron starmerger. Sight lines in the plane
of the merger are expected to exhibit dramati-
cally reduced UV emission because of the pres-
ence of the Lanthanide-rich dynamical ejecta. For
awindmass (Mwind)≈ 0.03M⊙, a viewing angle of
qobs < ~30° with respect to the rotation axis is
preferred. Orientations up to ~40° can be accom-
modated with Mwind ≈ 0.1 M⊙; at larger viewing
angles, the wind ejecta mass becomes unphysi-
cally large.
Although the wind component can provide a

good fit to the UV emission, on its own it under-
predicts the observed optical/near-infrared flux
at this time. Adding dynamical ejecta withMdyn ≈
0.01 M⊙ and v ≈ 0.3c can provide a reasonable
fit to the early SEDs (Fig. 3). However, we empha-
size that the properties of the dynamical ejecta
are only poorly constrained at early times; analysis
of the full optical/near-infrared light curve is nec-
essary for accurate constraints on the Lanthanide-
rich material (10).
Although much of the g-ray emission gener-

ated during the r-process is reradiated at optical/
near-infrared wavelengths, it may also be possible
to directly observe emission lines from b-decay in
the NuSTAR bandpass. We have calculated the
expected signal from 10 to 100 keV for a range of
ejecta masses, and it is well below the NuSTAR
limits for GW170817 (7).
The above modeling of the kilonova emission

assumes that the merger ejecta is unaffected by
any energetic jet (or that no such jet is formed).
For jets with a narrow opening angle (qjet < 10°),
numerical simulations (24) have shown that any
such jet-ejecta interaction will have negligible ef-
fects on the observed light curves on the time scales
probed by our observations.

However, if the jet opening angle were suffi-
ciently large, the energy from this jet (and the
resulting cocoon) may accelerate material in the
merger ejecta to mildly relativistic velocities. Nu-
merical simulations in our companion paper (10)
offer some support for this scenario, providing a
reasonable fit to the temperature and bolomet-
ric luminosity evolution of EM 170817. However,
they lack the detailed radiation transport calcu-
lations presented here.

Late-time x-ray emission: Off-axis jet
or cocoon

Although no x-ray emission at the location of
EM 170817 was detected by Swift or NuSTAR, a
faint x-ray source was detected by Chandra
at Dt ≈ 9 days (44), although the flux was not
initially reported. Subsequent Chandra obser-
vations at Dt ≈ 15 days reported luminosity
(LX) ≈ 9 × 1038 erg s–1 (45, 46). A variety of mod-
els predict long-lived x-ray emission at a level
>~1040 erg s–1 after the merger of two neutron
stars. For example, (quasi-)isotropic x-ray emis-

sion may be expected because of prolonged
accretion onto a black hole remnant, or from
the spin-down power of a long-lived hyper-
massive neutron star. These models are not
consistent with the Swift or NuSTAR limits
or the Chandra flux (7), suggesting that if a
magnetar formed after the merger event, it
collapsed to a black hole before our first x-ray
observation (within 0.6 days of formation).
A possible explanation for the late-time x-ray

emission is an off-axis (orphan) afterglow (47).
If the binary neutron star merger produces a
collimated, ultrarelativistic jet, initially no emis-
sion will be visible to observers outside the jet
opening angle. As the outflow decelerates, the
relativistic beaming becomes weaker, and the jet
spreads laterally, illuminating an increasing frac-
tion of the sky. Off-axis observers can expect to
see rising emission until the full extent of the
jet is visible, at which point the decay will appear
similar to that measured by on-axis observers.
Simulations of such events showed that starting
a few days after the merger, off-axis afterglows
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Fig. 5. Simulated x-ray
afterglow light curves
for typical short GRB
parameters. Here, EAG =
2 × 1051 erg, n0 = 5 × 10−3

cm–3, and qjet = 0.2 rad;
the true values of these
parameters are uncertain
and vary between GRBs
(20). Curves are shown
for a range of viewing
angles, with the Swift-XRT
and NuSTAR limits
marked. An off-axis orien-
tation of ≈30° is
consistent with both
the early Swift-XRT and
NuSTAR limits and
the recently reported
Chandra detection (44). The anticipated peak time will occur when Swift and Chandra
cannot observe the field because of proximity to the Sun.
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represent the dominant population of GW coun-
terparts detectable by Swift (48).
We ran a series of simulations using theBOXFIT

code (20) to use our x-ray limits and the reported
Chandra detections to constrain the orientation
of GW170817 (7). For the median values of short
GRB afterglow energy (EAG = 2 × 1051 erg), cir-
cumburst density (n0 = 5 × 10−3 cm–3), and jet
opening angle [qjet = 0.2 rad (12°)] (21), the
resulting light curves are plotted in Fig. 5.
With the Swift and NuSTAR nondetections,
these models rule out any viewing angle with
qobs < ~20°. Assuming the emission reported by
Chandra results from an orphan afterglow, we
infer qobs ≈ 30°.
This inferred orientation is entirely consistent

with the results of our analysis of the early UV
emission.However, it is difficult to simultaneously
explain the observed g-ray emission in this sce-
nario because it would require a viewing angle
only slightly outside the jet edge (10). Either the
observed GRB 170817A is powered by a source
distinct from this jet, or we are forced to disfavor
an orphan afterglowmodel for the late-time x-ray
emission.
Alternatively, delayed x-ray emissionmay result

if the initial outflow speed is mildly relativistic,
as would be expected frommodels in which prop-
agation in the merger ejecta forms a hot cocoon
around the jet (24). In this case, the rise is dictated
by the time necessary for the cocoon to sweep up
enoughmaterial in the circumburst medium to
radiate efficiently; this in turn depends on the
energy carried by the expanding cocoon, its bulk
Lorentz factor, and the circumburst density. Shown
in Fig. 6 are x-ray light curves predicted by this
model for a range of plausible values of these pa-
rameters, along with the x-ray limits fromNuSTAR
and Swift-XRT and theChandra detection (45, 46).
The latestNuSTAR datapoint disfavors energetic
cocoonmodels, particularly those at high density.
But lower-energy or -density models can fit all the
x-ray data while simultaneously accounting for
the g-ray emission (10).
Our inferences regarding the origin of the late-

time x-ray emission are broadly consistent with
the conclusions reached in our companion radio
paper (9). Both an orphan afterglow and amildly
relativistic cocoon model make specific predic-
tions for the evolution of the broadband flux over
the upcoming months after the merger (Figs. 5
and 6) (9).

Conclusions

The discovery of a short GRB simultaneous with
a GW binary neutron star merger represents the
start of a new era of multimessenger astronomy.
It confirms that binary neutron star mergers can
generate short g-ray transients (49), although the
connection to classical short GRBs remains un-
clear. Furthermore, GW170817 provides robust
evidence that r-process nucleosynthesis occurs in
the aftermath of a binary neutron starmerger (10).
Although a kilonova detection after a short

GRB has been previously reported (50, 51), our
multiwavelength data set has allowed us to con-
front kilonova models with UV and x-ray observa-

tions. The absence of x-ray emission largely rules
out the presence of an energetic, ultrarelativistic,
and collimated outflow viewed fromwithin the
opening angle of the jet. The late-time x-ray emis-
sion is consistent with a collimated, ultrarelativ-
istic outflow viewed at an off-axis angle of ≈30°
(an orphan afterglow). Amildly relativistic outflow,
as may be expected if the jet were enveloped by a
hot cocoon, is also consistent with our x-ray data
[and may naturally explain the peculiar proper-
ties of the g-ray emission (10)].
The presence of bright, rapidly fading UV emis-

sion was not a generic prediction of kilonova
models and requires special circumstances to
avoid obscuration by the heavy elements formed
in the dynamical ejecta. We found that we can
reproduce the early UV and optical emission
with a massive (M ≈ 0.03 M⊙) and high-velocity
(v ≈ 0.08c) outflow comprisingmoderate-Ye (first
r-process peak)material at a viewing angle of≈30°;
such winds may be expected if the remnant is a
relatively long-lived hypermassive neutron star or
a rapidly spinning black hole. Alternatively, if the
hot cocoon is able to accelerate material in the
ejecta to mildly relativistic speeds, this may also
be able to account for the early UV emission (10).
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