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Abstract

We present optical and ultraviolet spectra of the first electromagnetic counterpart to a gravitational-wave (GW)
source, the binary neutron star merger GW170817. Spectra were obtained nightly between 1.5 and 9.5 days post-
merger, using the Southern Astrophysical Research and Magellan telescopes; the UV spectrum was obtained with
the Hubble Space Telescope at 5.5 days. Our data reveal a rapidly fading blue component (7' ~ 5500 K at 1.5 days)
that quickly reddens; spectra later than =>4.5 days peak beyond the optical regime. The spectra are mostly
featureless, although we identify a possible weak emission line at ~7900 A at ¢ < 4.5 days. The colors, rapid
evolution, and featureless spectrum are consistent with a “blue” kilonova from polar ejecta Comprised mainly of
light r-process nuclei with atomic mass number A < 140. This indicates a sightline within 6y,, < 45° of the orbital
axis. Comparison to models suggests ~0.03 M, of blue ejecta, with a velocity of ~0.3c. The required lanthanide
fraction is ~107*, but this drops to <107 in the outermost ejecta. The large velocities point to a dynamical origin,
rather than a disk wind, for this blue component, suggesting that both binary constituents are neutron stars (as
opposed to a binary consisting of a neutron star and a black hole). For dynamical ejecta, the high mass favors a
small neutron star radius of <12 km. This mass also supports the idea that neutron star mergers are a major
contributor to r-process nucleosynthesis.

Key words: binaries: close — gravitational waves — nuclear reactions, nucleosynthesis, abundances — stars: neutron

1. Introduction

2017a). However, binary neutron star (BNS) mergers,

The early years of gravitational-wave (GW) astronomy with
the advanced Laser Interferometer Gravitational-wave Obser-
vatory (LIGO) have witnessed great successes in detecting the
mergers of binary black holes (Abbott et al. 2016a, 2016b,

detected, are a much more promising avenue for electro-
magnetic (EM) follow-up, as they are expected to produce EM
signals over a wide range of frequencies and timescales (see
review by Metzger & Berger 2012). BNS mergers have long
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been argued to be the progenitors of short gamma-ray bursts
(SGRBs) based on both theoretical viability (Eichler
et al. 1989; Narayan et al. 1992) and observations of their
X-ray, optical, and radio afterglows (Berger et al. 2005; Fox
et al. 2005; Hjorth et al. 2005; Soderberg et al. 2006; Fong
et al. 2013, 2015; Berger 2014).

BNS mergers are also thought to be a promising astro-
physical site for rapid neutron-capture (r-process) nucleosynth-
esis (Lattimer & Schramm 1974; Eichler et al. 1989), or even
the dominant site (Freiburghaus et al. 1999). This suggests an
additional source of transient EM radiation is possible: an
optical /IR “kilonova,” powered by radioactive decays of
r-process nuclei synthesized in the merger ejecta (Davies
et al. 1994; Li & Paczynski 1998; Rosswog et al. 1999;
Metzger et al. 2010). A kilonova was likely detected in near-IR
imaging following the short GRB 130603B (Berger et al. 2013;
Tanvir et al. 2013). Jets in core-collapse supernovae may be an
alternative (or additional) site of the r-process (Winteler
et al. 2012; Nishimura et al. 2015).

The luminosity, timescale, and spectra of a kilonova are
sensitive to the opacity of the ejecta, and hence to the details of
the r-process nucleosynthesis (e.g., the electron fraction, Y,;
Lattimer & Schramm 1976; Symbalisty & Schramm 1982). In
particular, even a small fraction of lanthanides or actinides
(f-shell elements) in the ejecta can increase the opacity by
orders of magnitude, significantly reducing the peak luminosity
and shifting the emission primarily to the infrared (Kasen
et al. 2013; Tanaka & Hotokezaka 2013).

On 2017 August 17.53 UT, advanced LIGO/Virgo made the
first detection of GWs from a neutron star binary merger,
GW170817 (LIGO Scientific Collaboration & Virgo Colla-
boration 2017a, 2017b), with a simultaneous SGRB detected
by Fermi and INTEGRAL (GRB 170817A; Blackburn
et al. 2017; Savchenko et al. 2017; see Fong et al. 2017 for a
comparison to other SGRBs). At 0.5 days after the GW signal,
an EM counterpart—the first for any GW source—was
identified within the ~30 deg® localization region. The source,
first announced by Coulter et al. (2017a, 2017b), was
independently discovered by our group, using the Dark Energy
Camera (DECam) on the 4m Blanco Telescope (Allam
et al. 2017; Soares-Santos et al. 2017), and by several other
groups (Arcavi et al. 2017a, 2017b; Lipunov et al. 2017; Tanvir
et al. 2017; Valenti et al. 2017; Yang et al. 2017).
The counterpart—variously named SSS17a, DLT17ck,
and AT2017gfo—resides in the galaxy NGC4993*' (see
Blanchard et al. 2017b for host galaxy analysis).

Here, we report optical and UV spectra of GW170817,
spanning 1.5-9.5 days, with dense time sampling. We
demonstrate that the initial spectra are dominated by a rapidly
fading blue component that quickly evolves to the red. These
properties suggest that the optical counterpart is a kilonova—
the first to be observed spectroscopically. The relatively blue
color is possible for lanthanide-poor r-process ejecta (Metzger
et al. 2010; Barnes & Kasen 2013; Metzger & Fernandez 2014),
indicative of a viewing angle of 6y < 45° face-on. We
investigate the constraints on the mass and velocity of the polar
ejecta, its composition, and the neutron star equation of state.

31 Throughout this Letter, we assume a distance to NGC 4993 of 39.5 Mpc
and redshift z = 0.00973 as listed in the NASA Extragalactic Database.
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2. Observations

Following the discovery of the optical counterpart of
GW170817, we began spectroscopic observations with the
4.1 m Southern Astrophysical Research (SOAR) Telescope on
2017 August 18.97 UT. We used the Goodman High Throughput
Spectrograph (Clemens et al. 2004) with the 400 lines-per-
millimeter grating and 1” slit (R ~ 930), beginning with the blue
(“M17; 4009—8000 A) setting but switching to the red (“M2”;
50009000 A) setup as the spectrum evolved to redder
wavelengths. The slit was aligned parallel to the axis from the
transient to the host nucleus to facilitate removal of host flux. This
also enabled spectroscopic analysis of the host galaxy, presented
in Blanchard et al. (2017b). An atmospheric dispersion corrector
was used to mitigate differential slit losses, since observations
were conducted at high airmass. In total, we obtained five epochs
of spectroscopy with SOAR spanning 1.5-7.5 days.

Subsequently, we obtained optical spectra with the 6.5 m
Magellan/Baade telescope equipped with the Inamori Magel-
lan Areal Camera and Spectrograph (IMACS; Dressler
et al. 2011). We used the 300 lines-per-millimeter grism
(R ~ 1100) with a 170O tilt for the broadest wavelength
coverage, ~4000-9000 A. These spectra were obtained at the
parallactic angle. We obtained two epochs at 8.5 and 9.5 days
before the transient became too faint and unobservable due to
its proximity to the Sun. Details of all observations are given in
Table 1.

We processed and analyzed all spectra using standard
procedures in IRAF, including bias and flat-field corrections
and background subtraction. The light profile of the host
was found to be smooth at the location of the transient, and was
well fit by a low-order polynomial. Wavelength calibration was
performed by comparison lamp spectra, while flux calibration
was achieved using standard star observations on each night.
The final calibrations were scaled to match DECam photometry
observed at the same time (Cowperthwaite et al. 2017). The
spectra were corrected for a Milky Way extinction
EB — V) =0.1053, using the dust maps of Schlafly &
Finkbeiner (2011), and cosmological redshift. We assume that
extinction in NGC 4993 is negligible, based on modeling by
Blanchard et al. (2017b).

We additionally obtained one epoch of UV spectroscopy
through Director’s Discretionary Time with the Hubble Space
Telescope (HST) wusing the Space Telescope Imaging
Spectrograph (STIS) with the NUV/ MAMA detector and
broad G230L grating, covering ~1500-3000 A.** Acquisition
imaging was carried out using the clear CCD50 filter. The
transient is detected clearly in a pair of 90 s CCD50 exposures.
However, no trace is visible in the UV spectrum, indicating that
the source is extremely UV-faint. In an effort to use all
available data, we extracted the flux from the reduced 2D
spectrum in an aperture centered on the source position in the
acquisition image, using a recent STIS spectrum obtained with
the same setup (Blanchard et al. 2017a) to define the shape of
the spectral trace. We find a 30 upper limit on the flux of
Fov < 1.5 x 1078 ergs 'em™2 A~ " at 2500 A.

3. Spectral Properties

Our spectroscopic time series is shown in Figure 1. The
optical spectra are unprecedented in appearance, and evolve

32 program GO/DD 15382, PI: Nicholl.



THE ASTROPHYSICAL JOURNAL LETTERS, 848:L18 (8pp), 2017 October 20

Nicholl et al.

T (k)
2571 5500
g . 150
—~ -+ 3500
T 1340
> 2.0
o 3200
c | [ 22 15 oy
o -
- 15} W 3000 after merger
g ‘ . £1460
T [4000 6000 8000 10000 2 54
T_1.0r
= Swift 5.5d
< 1.2d
w 4.5d
0.5¢1
HST 7.5d
5.5d
0.0 h Lu‘l PN it : . . .
2000 3000 4000 5000 6000 7000 8000 9000

Rest wavelength (A)

Figure 1. Optical spectra of the BNS merger event GW170817. SOAR and Magellan spectra have been binned by a factor of 2 for clarity. The spectra at times
<4.5 days exhibit a clear optical peak that rapidly moves red. After this time, the flux is dominated by an IR component discussed in Chornock et al. (2017). The UV
data from HST (S/N < 1, essentially an upper limit) and Swift show blanketing at short wavelengths. Inset: blackbody fits. The early spectra are more sharply peaked
than blackbody emission, due to the deficit of blue flux. At later times, the optical data are consistent with the blue tail of a ~3000 K blackbody peaking in the near-IR.

Table 1
Log of Optical and UV Spectra

MID Phase® Telescope Instrument Camera Grism or Exposure Average Wavelength Resolution

Grating Time (s) Airmass Range (A) (A)
57984.0 1.5 SOAR GHTS Blue 400-M1 3 x 1200 1.6 4000-8000 6
57985.0 2.5 SOAR GHTS Blue 400-M1 3 x 900 1.6 4000-8000 6
57986.0 35 SOAR GHTS Blue 400-M2 3 x 900 1.6 5000-9000 6
57987.0 4.5 SOAR GHTS Red 400-M1 3 x 900 1.6 4000-8000 6
57988.1 5.5 HST STIS NUV/MAMA G230L 2000 e 1600-3200 3
57990.0 7.5 SOAR GHTS Blue 400-M2 3 x 900 1.9 5000-9000 6
57991.0 8.5 Magellan Baade IMACS 2 G300-17.5 2 x 1200 2.0 4300-9300 6
57992.0 9.5 Magellan Baade IMACS 2 G300-17.5 2 x 1350 2.1 4300-9300 6
Note.

 Phase in rest-frame days relative to GW signal.

rapidly. The earliest spectrum, at 1.5 days after the merger,
shows a peak at around 5000 A with M, ~ 2 x 10* ergs™',
and a steep decline toward both UV and redder wavelengths.
Photometry from the Swiff UV Optical Telescope shows that
this steep drop continues to ~2000 A (Cenko et al. 2017; Evans
et al. 2017). DECam photometry and near-IR spectroscopy
presented by Cowperthwaite et al. (2017) and Chornock et al.
(2017) show an upturn in flux above >9000 A; see those works
for detailed discussion of the near-IR.

The most striking aspect of these data is the rapid evolution
exhibited over the first few days. On day 2.5, the optical peak
has shifted redward to 7000 A, while the flux drops steeply
each night. The spectrum at day 4.5 appears to still show an
optical peak at ~7800 A after rebinning, but between 4.5 and
7.5 days the peak shifts completely out of the optical regime
and the spectrum appears featureless. The HST observation, on
day 5.5, shows that the early UV flux seen by Swift has almost
completely disappeared. The spectra on days 7.5-9.5 show no
change in shape but continue to fade significantly from one
night to the next.

These properties are not consistent with a GRB afterglow.
Assuming the standard synchrotron model (Sari et al. 1998;

Granot & Sari 2002), SGRB afterglows consist of three broken
power laws that generally give a much bluer optical spectrum
than we observe here, and they do not exhibit rapid color
evolution. The lack of a significant afterglow contribution at
these epochs is supported by X-ray (Margutti et al. 2017) and
radio (Alexander et al. 2017) data that indicate an off-axis jet.
Models that fit the delayed onset of X-ray and radio emission
imply a negligible optical contribution (30 mag) in the first
two weeks (Margutti et al. 2017). Apart from an SGRB
afterglow, only one other channel is predicted to produce a
bright optical-infrared signal in a BNS merger (Metzger &
Berger 2012): the radioactive decay of newly synthesized
r-process elements in the merger ejecta, i.e., a kilonova.
Next, we investigate whether the spectral energy distribution
can be fit with blackbody radiation. These fits are shown in
Figure 1 (inset). The day 1.5 spectrum can be approximately
modeled as a blackbody, with a best-fitting temperature of
~5500 K. Taking this at face value, the luminosity requires a
radius of ~7 x 10" cm and hence an expansion velocity
~0.2c. This is consistent with the findings by Cowperthwaite
et al. (2017) and is close to the escape velocity from neutron
stars, matching theoretical predictions for the dynamical polar
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Figure 2. Spectra after subtraction of a third-order polynomial fit to the
pseudocontinuum. Smoothing with a Savitsky—Golay filter was applied to
search for possible spectral lines. The spectra are remarkably featureless apart
from a possible emission feature at ~7900 A (unfortunately at the edge of our
first two spectra). No lines are apparent at 24 days. Similarly, no nebular
features are evident up to 9.5 days after merger.

ejecta from the collision interface in a BNS merger (Bauswein
et al. 2013; Hotokezaka et al. 2013; Sekiguchi et al. 2016).
However, we note that these are not precise values as the
blackbody does not fully capture the shape of the spectrum.

On days 2.5-3.5, the blackbody fits are poor. The peak of the
observed spectrum is much sharper than a blackbody of
appropriate color temperature (S3500 K). It is therefore clear
that additional physics is required beyond a simple cooling of
the ejecta. One possibility is that we are seeing heavy line
absorption on the blue side, up to ~7000 A. This requires a
significantly greater line opacity than any previously observed
optical transients. From day 4.5 onward, the data can be fit with
a~3000 K blackbody of declining flux, but as the spectral peak
shifts out of the optical regime this becomes poorly
constrained. The uncertainty on the temperature at 4.5 days is
~50%, so we do not show blackbody fits to the later data.

We are not aware of any other model predictions or observed
transients that match the very red color in our spectra at =>2.5
days, but kilonovae can do this because of the high optical
opacity in r-process ejecta (e.g., Kasen et al. 2013; Tanaka &
Hotokezaka 2013). Therefore our preferred interpretation of
our data is that they represent the first spectra obtained of a
kilonova. This supports the light curve modeling in Cow-
perthwaite et al. (2017) and the evidence for r-process material
in the infrared spectrum (Chornock et al. 2017).

One remarkable aspect of our spectra is the lack of strong
absorption or emission features. We search for weak spectral
lines by fitting each spectra with a low-order polynomial
(we experimented with third—fifth degree polynomials,
finding no significant differences) and subtracting out this
pseudocontinuum. We smooth each subtracted spectrum
using a Savitsky—Golay filter. The results are shown in
Figure 2.

Nicholl et al.

SN1998bw (x0.02) max

SN2008D 1.7d

L, (erg s AT

4000 5000 6000 7000 8000

Rest wavelength (A)
Figure 3. Comparison of our optical spectra of GW170817 to supernova
spectra. Top: supernovae at maximum light. The supernova opacity is
dominated by iron group elements, with a velocity of ~104kms~'. The
GW170817 spectra do not show obvious resolved line features like the
supernovae. Bottom: supernova shortly after explosion. Despite the comparable
age of the ejecta from the BNS merger, the spectra are much redder than a
supernova. Together, this suggests: (i) a composition with many more blended
lines at blue/UV wavelengths, and (ii) significantly faster expansion velocities.

We divide the spectra into those with (<5 days) and without
(>5 days) an optical peak. In both cases, any “wiggles” in the
subtracted spectra are weak in comparison to the noise. Three
possible features are apparent at the 1o level in the early
spectra. We identify the feature at ~7100 A with a residual
from a strong host galaxy absorption trough. The spectrum at
2.5 days also exhibits a possible feature at ~5100 A; this does
not show up in the other spectra and aligns with another
absorption in the host galaxy spectrum. However, the first three
spectra do show a possible feature at 7900 A that we have been
unable to associate with any host galaxy or reduction artifacts.
Unfortunately, this is right on the edge of the wavelength range
covered by our spectra on days 1.5 and 2.5, but appears to be a
fairly broad emission line in our day 3.5 spectrum. We make no
attempt to associate these possible features with known atomic
transitions, given the modest signal-to-noise ratio and limited
atomic data available for the putative r-process composition.
From day 4 onward, the spectra are apparently featureless.
We search for emission lines by stacking these data, but
the combined spectrum shows no significant lines. We
therefore rule out nebular features brighter than F, =~
10-7ergs 'em 2A™" or Ly & 2 x 10¥ergs ™' A7 Bo).

The lack of strong spectroscopic features, coupled with the
flux suppression in the blue, suggests that the spectra are
dominated by Doppler-broadened blends of many overlapping
atomic transitions. This is consistent with the inferred
expansion velocity (~0.2¢) and the large number of blue and
UV atomic lines expected for r-process ejecta (Kasen
et al. 2013). This can be seen most strikingly by comparing
the spectrum to supernovae, as shown in Figure 3.
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A Type Ia SN at maximum light (represented by SN 201 1fe;
Parrent et al. 2012) has an opacity dominated by iron group
elements and expansion velocities ~ 104 km s~ !, lower than our
estimated ejecta velocity by a factor of ~5. This results in a
much bluer spectrum with clearly resolved line features. A
broad-lined Type Ic SN (SN 1998bw; Patat et al. 2001) can
have expansion velocities up to ~0.lc; however, with a
composition of iron group and intermediate-mass elements, it is
still much bluer than our observations. Finally, we compare to
SN 2008D (a Type Ib SN) at 1.7 days after explosion (Modjaz
et al. 2009). At a comparable phase to our spectra, the
difference in color is remarkable, with the supernova being
much bluer.

4. Comparison to Kilonova Models

The significant line blanketing, mildly relativistic expansion,
peak flux, and rapid fading shown in the previous section are all
consistent with theoretical predications for a kilonova. The initial
peak in the optical and rapid decline on a ~day timescale indicate
that we are observing a “blue” kilonova, thought to occur if a
significant fraction of ejected material has ¥, 2 0.3, suppressing
the formation of lanthanides (Metzger & Fernindez 2014).
This populates the first two r-process peaks, with mass number
A < 140 (Burbidge et al. 1957). In contrast, material with
Y, < 0.2 robustly produces lanthanides. Because of the much
higher opacity, the emission from lanthanide-rich matter peaks in
the infrared on a ~week-long timescale—this phenomenon is
known as a “red” kilonova. Chornock et al. (2017) discuss the
evidence for a separate red kilonova in GW170817, while
Cowperthwaite et al. (2017) model the combined light curves of
the blue and red components. Here, we compare the spectrum of
the optical blue component to predictions from kilonova models.

Kasen et al. (2013) give approximate analytic formulae for
the duration and effective temperature of the kilonova
emission, in terms of ejecta mass, velocity, and opacity. Using
the rough temperature (5000 K) and velocity (0.2c¢) from the
blackbody fit at 1.5 days, and assuming the lifetime of the blue
kilonova is <4-5 days based on the lack of a distinct optical
peak beyond this, we use their Equation (3) to find a mass
M~ few x 1072 M, in the blue ejecta. This is also
consistent with the mass we derive from modeling the light
curve (Cowperthwaite et al. 2017). The corresponding (gray)
opacity from Equation (2) in Kasen et al. (2013) is Kgray ~ few
cm? g '—this is an order of magnitude greater than typical
supernova opacities, but significantly less than the lanthanide
opacities found by Kasen et al. (2013; ~10cm*g ™).

Using the estimated mass and velocity as a guide, we
compare to kilonova models for the spectrum, calculated using
the radiative transfer code Sedona (Kasen et al. 2006). These
models are an updated version of those from Barnes & Kasen
(2013) and are described in detail by Kasen et al. (2017). The
underlying ejecta are assumed to be spherically symmetric with
uniform abundances and, in local thermodynamic equilibrium,
with a density that follows a broken power law (inner p oc v!;
outer p o< v~'9). The free parameters are ejecta mass M, a
scale velocity vi = ,/2Ei /M., where Ej is the kinetic energy,
and the lanthanide fraction Xj,,.

We compare the kilonova models to our spectra in Figure 4.
These models are not fit to the data in a formal sense; we
simply choose the closest representative models from the grid
calculated by Kasen et al. (2017). In each case, we show a
model for the blue ejecta, as well as a separate red component
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that matches the observed near-IR spectrum (see Chornock
et al. 2017). The red kilonova model has an ejecta mass
0.035 M, and a velocity 0.1c, with a lanthanide fraction Xj,, =
1072, The red emission falls far below the observed flux at
wavelengths <8000 A, so in kilonova models the optical
luminosity must be dominated by the blue component.

None of the models provide a very close fit to the data. In
particular, we did not find any model that could produce such a
sharp peak as we see in the data on day 2.5. However, by
examining qualitative similarities and the effects of varying
each parameter, we can still gain useful insights.

To match the lack of features in the optical data, models need a
high velocity in the blue component—those with velocities
<0.1c¢ show numerous resolved lines (Kasen et al. 2015, 2017).
The best-fitting models here have an average velocity v = 0.3c.
A larger mass of r-process material provides a greater luminosity.
Matching our spectra requires a blue ejecta mass M; ~ 0.03 M,
in good agreement with our simple analytic estimate.

We note that there is some degeneracy between M, and v in
matching the spectral properties, which should be resolved in
the future using a finer grid spacing (Kasen et al. 2017), but
models where the parameters deviate by more than ~50% from
our fiducial values seem to provide a poor fit to the data.
Reassuringly, the parameters we find from the spectra are in
good agreement with the light curve fits in Cowperthwaite et al.
(2017). These estimates for mass and velocity can be tested: for
the parameters given here, Alexander et al. (2017) predict a
bright radio signal ~5 years post-merger.

The model spectra are very sensitive to Xj,,, which largely
sets the peak wavelength through its impact on the opacity. The
first spectrum at 1.5 days, with a peak at ~5000 A, requires X,
§10*5 . In fact, the data are bluer than even the most
lanthanide-poor model shown at 1.5 days, perhaps indicating
that additional physics is required at early times. At this epoch,
the near-IR luminosities of the blue models are comparable to
that of the red model, but the blue kilonova fades much faster
and makes only a minor contribution above 2210000 A on the
following nights. This is in agreement with the findings of
Chornock et al. (2017).

At later epochs, the model with Xj,, = 10> gives a poor fit,
peaking too far to the blue. The sgectrum on day 2.5 is better
modeled with Xj,, ~ 107*5-107*. By day 3.5 (and subse-
quently; spectra beyond day 4.5 not shown), the spectrum is
most consistent with Xj,, = 10~*. Overall, the spectroscopic
evolution is indicative of a gradient in lanthanide abundance,
with a modest fraction Xj,, ~ 10~% in the inner ejecta and a
much lower fraction at the surface.

This comparison serves as a first step to estimate the
approximate mass, velocity, and lanthanide fraction of the ejecta,
but there remain significant discrepancies between data and
model. Much more detailed modeling with further fine tuning
will be required to derive better constraints on the key properties.
For example, models that deviate from spherical symmetry and
local thermodynamic equilibrium should be explored.

5. Implications

First and foremost, the apparent discovery of a kilonova
associated with GW170817, and modeling of its physical
properties, supports the theory that BNS mergers are an
important site of the r-process (see also Chornock et al. 2017;
Cowperthwaite et al. 2017). The optical emission is consistent
with ejecta consisting primarily of species with A < 140,
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Figure 4. Comparison of our optical spectra of GW170817 to kilonova models (Kasen et al. 2017). Top four panels: dashed lines show “blue” kilonova models for a
range of lanthanide fractions (107> < Xj,, < 107%). The dotted line is the best-fitting red kilonova (Xjo, = 1072) from Chornock et al. (2017). Solid lines are the sum
of blue and red components. An ejecta mass of Mj ~ 0.03 M., with an average velocity v¢ = 0.3¢ qualitatively reproduces the luminosity and line blending in the
spectra. The rapid movement of the spectral peak from blue to red is suggestive of a concentration gradient, with a larger lanthanide fraction at lower velocity
coordinate. Bottom two panels: the effect of varying mass and velocity away from our fiducial parameters at a fixed Xj,, = 10~* (orange lines), compared to spectrum

at day 2.5. Velocities 20.2¢ are required to match the lack of spectral features.

i.e., the first two r-process abundance peaks. Chornock et al.
(2017) argue that a near-IR component also seen in GW 170817
includes heavier r-process elements. Assuming that our
kilonova interpretation is correct, we now examine the
consequences of observing this blue component.
Lanthanide-poor ejecta can form in two ways: either through
the shock-heating of material at the point of contact, ejected
with high velocity and entropy (Oechslin et al. 2007; Bauswein
et al. 2013; Hotokezaka et al. 2013), or through late-time
escape via an accretion disk wind, if the merger product (a

hyper- or supramassive neutron star) avoids collapse to a black
hole long enough to provide a sustained neutrino flux that
raises the electron fraction to ¥, 2 0.3 (the required lifetime is
2100 ms; Metzger & Ferndndez 2014; Kasen et al. 2015).

In both cases, this material is expected only within <45° of the
orbital axis of the binary (e.g., Wanajo et al. 2014; Goriely
et al. 2015; Foucart et al. 2016; Radice et al. 2016; Sekiguchi et al.
2016). In the orbital plane, material is instead ejected by tidal forces
and is expected to have ¥, < 0.2. Hence, the tidal material will be
rich in lanthanides, producing only the near-IR red kilonova.
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Even if a significant fraction of the mass is ejected in the
polar direction with a high Y,, seeing the blue emission may be
strongly dependent on the viewing angle: at angles 6, = 45°,
the higher opacity of the lanthanide-rich ejecta can obscure the
blue ejecta from view. The previous best kilonova candidate,
GRB 130603B, appeared to be a manifestation of the more
isotropic red kilonova (Berger et al. 2013; Tanvir et al. 2013).*”
Modeling of the X-ray and radio data for GW170817 by
Margutti et al. (2017) and Alexander et al. (2017) suggests a
viewing angle 6y = 20°, so combining this with our
restriction from the blue emission gives a tight constraint
20° < Gyps < 45°. This can help to overcome the distance—
inclination degeneracy in the GW signal and derive a more
precise distance (and hence cosmological parameters; Abbott
et al. 2017¢). However, the polar ejecta may be visible for a
wider range of angles if it expands faster than the equatorial
tidal ejecta.

We have found evidence for high velocities (0.2-0.3¢). This
has important implications for the origin of the high-Y, matter
that can give rise to blue kilonova emission. While winds from
the accretion disk around the post-merger remnant can eject the
requisite amount of mass (e.g., Ferndndez & Metzger 2013;
Metzger & Ferndndez 2014; Perego et al. 2014; Siegel &
Metzger 2017), the predicted wind velocities are too low
(<0.1¢). Our estimated outflow velocity is closer to that
expected for the dynamical polar ejecta from the shocked
interface at the point of collision (e.g., Oechslin et al. 2007),
which would support a dynamical origin for the blue emission.
Cowperthwaite et al. (2017) also find high velocities for the
blue ejecta, and reach a similar interpretation. In the case of a
merger between a black hole (BH) and a neutron star (NS), the
only source of high-Y, ejecta is a disk wind, as there is no
contact interface (e.g., Ferndndez et al. 2017; Kasen
et al. 2017). Therefore, the presence of a significant mass of
fast blue ejecta would disfavor an interpretation of GW170817
in which one of the binary members is a black hole. This is a
crucial advantage of EM follow-up, as GW observations alone
cannot distinguish between NS-NS binaries and NS-BH
binaries.

If the ejecta are indeed dynamical as we infer, the total
ejected mass is most sensitive to the neutron star radius: the
more compact the neutron star, the closer the binary members
can approach each other, and hence the higher the orbital
velocity at merger, leading to stronger shocks that heat and
eject more material (Bauswein et al. 2013; Hotokezaka et al.
2013). This is an important point since the radius of a neutron
star is one of its most challenging properties to measure, with
the current uncertainty range from ~11 to 14km (see the
review by Ozel & Freire 2016).

Simulations show that ~1072 M, can be ejected for small
neutron star radii <11km, whereas the ejecta mass is an order
of magnitude lower for larger radii 213 km. Our interpretation
therefore favors a small neutron star radius (i.e., a soft equation
of state), though more modeling will be required, both on the
mass ejection from compact object mergers and on reproducing
the properties of our spectra, to confirm if the picture we
suggest is a unique solution.

33 . s . .

However, the presence of blue kilonova emission is challenging to constrain
through GRB follow-up observations because it is generally dimmer than the
optical afterglow for on-axis observers (Metzger & Berger 2012).
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6. Conclusions

We have presented a high-cadence time series of optical
spectra for the first EM counterpart of a LIGO/Virgo GW
source, the BNS merger GW170817. Our observations reveal
an optical excess fading over a timescale of a few days. The
earliest spectrum, 1.5 days after the merger, peaks at 5000 A
with a luminosity AL, ~ 2 x 10*'ergs™'. On subsequent
nights, the peak of the spectrum moves quickly to redder
wavelengths as the luminosity declines over a timescale <5
days. The spectra are largely featureless, while the spectral
slope, and our UV spectrum from HST, indicates severe line
blanketing.

The luminosity and color temperature, as well as the implied
velocity, are qualitatively consistent with models for blue
kilonovae—optical transients powered by the radioactive decay
of r-process material ejected from the merger. This adds
support to the long-standing suspicion that BNS mergers are
the main site of r-process nucleosynthesis. The optical
luminosity requires a low fraction of lanthanide-series elements
that would otherwise suppress the optical flux through line
opacity. Such lanthanide-poor ejecta are expected to be visible
only within 6y, < 45° of the orbital axis (with lanthanide-rich
ejecta outside of this solid angle), therefore constraining our
viewing angle to the system.

Spectral models need a high velocity v ~ 0.3¢ to match the
featureless spectra through line blending, suggesting that the
blue material was ejected dynamically rather than in a disk
wind. Polar dynamical ejecta are only predicted for NS-NS
binaries, not for NS-BH binaries, so our interpretation favors
the former. The mass required to match the luminosity in the
spectrum is M.j~20.03 M, similar to that derived from the
light curve (Cowperthwaite et al. 2017), with Xj,, ~ 10~* and
fewer lanthanides at higher velocity coordinate. As simulations
suggest that this mass is close to the maximum amount of
dynamical polar ejecta that can result from a BNS merger
(Oechslin et al. 2007; Bauswein et al. 2013; Hotokezaka
et al. 2013), this could point to a compact neutron star and
therefore a soft equation of state.

In future observing runs, LIGO/Virgo should detect many
more BNS mergers. The discovery of a blue/optical transient
associated with GW170817, in addition to the expected IR
emission, suggests that optical follow-up searches may have an
easier time finding the counterparts than previously thought
(e.g., Cowperthwaite & Berger 2015). Spectral analysis of
future targets will be essential in determining the prevalence
and luminosity functions of blue kilonovae (see Fong
et al. 2017), allowing us to map out the mass and velocity
distributions of the ejecta. This in turn will greatly increase our
understanding of the mass ejection and nucleosynthesis,
placing much firmer constraints on the constituent neutron
stars.
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