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On 2017 August 17, Swope Supernova Survey 2017a (SSS17a) was discov-
ered as the optical counterpart of the binary neutron star gravitational wave
event GW170817. We report time-series spectroscopy of SSS17a from 11.75
hours until 8.5 days after merger. Over the first hour of observations the
ejecta rapidly expanded and cooled. Applying blackbody fits to the spectra,
we measure the photosphere cooling from 11,0007509° K to 9300300 K, and
determine a photospheric velocity of roughly 30% of the speed of light. The
spectra of SSS17a begin displaying broad features after 1.46 days, and evolve
qualitatively over each subsequent day, with distinct blue (early-time) and red
(late-time) components. The late-time component is consistent with theoretical
models of r-process-enriched neutron star ejecta, whereas the blue component

requires high velocity, lanthanide-free material.

Short gamma-ray bursts (GRBs) have long been hypothesized to be produced by neutron star
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mergers (/,2), and thus they are the most likely electromagnetic counterparts to the gravitational
wave signals from binary neutron star coalescence. Unfortunately, because GRB emission is
highly non-isotropic (3), in many cases the beam of gamma-rays will not be seen by an observer.
This has motivated studies of electromagnetic counterparts that are more isotropic, with one of
the most popular cases being the so-called macronovae or kilonovae (4-8). These transients
would result from the outflow of ~ 0.01 solar masses of neutron-rich material, ejected from the
merging neutron stars at 2> 10% of the speed of light. This neutron-rich material is expected
to synthesize heavy elements that power a fast transient peaking at red optical or near-infrared
(near-IR) wavelengths via their radioactive decay. Furthermore, the r-process nucleosynthesis
in these outflows—named from the capture of neutrons onto lighter seed nuclei on a timescale
more rapid than 3-decays (9, /0)—may explain the origin of half the elements heavier than iron
in the periodic table (17, 12). Although a handful of candidate kilonovae following short GRBs
have been identified (/3—15), none have been studied in detail or conclusively confirmed.

The overall heating rate from r-process nucleosynthesis is generally agreed upon and fairly
robust with respect to the composition (6, 7), but the expected spectroscopic appearance of a
kilonova is much less clear. Kilonova spectra depend strongly on the nuclear yields, neutrino
flux, geometric orientations, mass and velocity of the ejecta. The neutron-rich outflow is ex-
pected to produce elements in the lanthanide series, which have a large effect on the emergent ra-
diation due to the opacity generated by their numerous bound-bound electronic transitions (/6).
Despite considerable theoretical effort, there is no consensus on the expected spectrum of a
kilonova (/6—18). There could be multiple components to the ejecta, with different composi-
tions, opacities, geometries, and velocities (/9). In the absence of observational measurements
of kilonovae, especially spectroscopy, this variety of theoretical models remains largely uncon-
strained.

On 2017 August 17, the Laser Interferometer Gravitational Wave Observatory (LIGO) and



Virgo Collaboration (LVC) detected GW 170817, a gravitational wave (GW) signal from a bi-
nary neutron star merger (20). A contemporaneous and weak short GRB was detected by
the Fermi and INTErnational Gamma-Ray Astrophysics Laboratory (INTEGRAL) telescopes
(21, 22). Following the GW trigger, our team, the One-Meter, Two-Hemisphere (1M2H) col-
laboration, identified an optical counterpart, Swope Supernova Survey 2017a (SSS17a), 10.87
hours after the merger (23, 24). SSS17a was located in the galaxy NGC 4993 (23, 24), at a
distance of 40 megaparsecs (Mpc) (25), which is an order of magnitude closer than previous
gravitational wave detections. This discovery was immediately announced to the LVC, and we
began a comprehensive followup campaign that extended for nearly three weeks. A companion
paper presents extensive ultraviolet (UV), optical, and near-infrared (near-IR) photometry of
SSS17a, following the light curve of SSS17a as it reddened and faded (26).

11.75 hours after the GW 170817 trigger, we obtained an optical spectrum of SSS17a with
the Low Dispersion Survey Spectrograph-3 (LDSS-3) on the Magellan/Clay telescope at the
Las Campanas Observatory, Chile. This early spectrum shows a smooth blue continuum ex-
tending over the entire optical wavelength range (Figure 1) (27). In the next hour we obtained
three additional spectra at higher resolution using LDSS-3 and the Magellan Echellette (MagE)
spectrograph on the Magellan/Baade telescope before SSS17a set and was no longer observable
from Chile. The transient faded measurably at the bluest wavelengths during the short time
interval covered by these initial spectra, while the spectra redward of 5000 A did not evolve in
this time span (Figure 1).

Motivated by the fact that the UV-optical spectral energy distribution (SED) observed 3 — 4
hours later (at t = 0.67 days after the merger) is well approximated by a blackbody (26), we
fit blackbody models to the observed rest-frame, dereddened spectra to quantify the very early
spectral evolution. The fitting procedure is described in (28). The best-fitting model results in

a temperature of 11,0007500° K and radius of 3.3793 x 10" cm at ¢ = 0.49 days. The listed



uncertainties represent 90% confidence intervals. Although the peak of the blackbody is located
at UV wavelengths that we do not observe, the combination of the known luminosity and the
spectral slope from 3800 — 10000 A provides significant constraints on the temperature. For ma-
terial to reach this radius so quickly requires an expansion velocity of 77, OOOfgg?&o kms™, or
0.2610:52 ¢, where c is the speed of light. In comparison, typical supernovae have bulk velocities
of 10,000 km s~*. Even the most energetic supernovae, which are associated with long-duration
GRBs, have peak measured photospheric velocities of ~ 20,000 — 50,000 kms~! 2—3 days
post-explosion (29), less than what we infer here for the GW counterpart. While the velocity of
these systems may be even higher in the first day post-explosion, early spectra within 24 hours
of explosion are not widely available for GRB-supernovae.

For the MagE spectrum at ¢ = 0.53 days, we fit a blackbody temperature of 93001300 K
and radius of 4.1703 x 10'* cm. The uncertainties on the temperature fits are not normally dis-
tributed, but we find that the difference in temperature between the LDSS-3 and MagE spectra
is significant at 50 confidence. This drop in temperature over only an hour indicates that the
expanding ejecta are cooling rapidly. A similar velocity of 90,000 ;500 km s~ (0.30%5:51 ¢) is
inferred from this spectrum.

On subsequent nights, we acquired optical spectroscopy of SSS17a covering more than a
week after the explosion using both Magellan telescopes. The majority of the spectra were ob-
tained with LDSS-3, but we also observed the source with the Inamori Magellan Areal Camera
and Spectrograph (IMACS) and the Magellan Inamori Kyocera Echelle (MIKE) spectrograph.
Our spectroscopic time series of SSS17a spans from 0.49 to 8.46 days after the GW170817
trigger (Figure 2). A description of the acquisition and reduction of these spectra and a log of
all spectroscopic observations are presented in the Supplementary Material (28).

We searched the higher-resolution MIKE and MagE spectra for absorption or emission lines

from the host galaxy, as well as for Nal D absorption from the Milky Way. Using the strength



of the Milky Way Na D absorption we confirmed the foreground reddening determined with
other spatially coarser methods (28). Host galaxy features have been detected in all available
short GRB spectra (30-33). However, we did not detect any host galaxy lines, and we place
2-sigma limits on Na D absorption more than 5 times stricter than the absorption detected in
GRB130603B (28, 33).

After the rapidly cooling blackbody observed on the first night, later spectra show that the
appearance of SSS17a changed not just quantitatively, but qualitatively each night. At 1.46 days,
a broad feature extends from ~ 5000 — 7000 A, and the spectrum declines toward shorter wave-
lengths. At 2.49 days the peak wavelength of the emission has shifted to ~ 7500 A, and the
spectrum has a distinct triangular shape. At 3.46 and 4.51 days the fall-off at blue wavelengths
steepens, the peak of the optical emission continues evolving redward, and a new feature that
increases with wavelength develops in the near-IR part of the spectrum. By 7.45 days after
the merger the spectrum consists of a smooth red continuum, with very little flux detected be-
low 6500 A. These data reveal that the photosphere continued expanding and cooling, with its
temperature declining by a factor of ~4 within a week (26).

The spectral features of SSS17a become more complex over time. After the first night they
are not well described by either single blackbody fits or the sum of two blackbodies. All features
in the data are smooth and very broad, ~ 2500 A wide for the peak centered at ~7500 A in the
2.49 d and 3.46 d spectra, ~ 2000 A wide for the trough centered at ~9000 A in the 2.49 d and
3.46 d spectra, and > 1000 A for the near-IR feature at 3.46 d and 4.51 d. It is not clear from
the data whether these features should be interpreted as emission centered at the wavelength of
the flux maxima or absorption centered on the flux minima. In either case, from their width and
the Doppler effect we can estimate that the material in SSS17a must be moving at a velocity of
~ 0.2 — 0.3 ¢, which is consistent with the observed lack of narrow lines.

The photometric evolution of SSS17a strongly suggests two distinct components to the



ejecta (26, 34). The spectral evolution, as well as the inability to match the early and late
time spectra with a single kilonova model, for which we make direct comparisons below, also
favors two components. The largely featureless blue component dominates the initial spectrum
but quickly fades within the first few days. After three days the spectrum becomes dominated
by a red component, corresponding to cooler temperatures, which fades much more slowly.

The spectral evolution of SSS17a is unlike known astronomical transients, as can be seen
in Figure 3, which compares the Magellan spectra taken at ¢ = 0.49, 3.46, and 7.45 days after
the GW170817 trigger to other classes of transients. Because SSS17a was associated with a
short gamma-ray transient (27, 22), it is natural to investigate whether the SSS17a spectra are
consistent with afterglow emission. Only three short GRBs (all at redshifts z > 0.3) have
available optical spectroscopy (30-33), of which only GRB130603B (32, 33) is unambiguously
classified as a short GRB. In Figure 3, we show spectra of GRB130603B taken ~ 8 hours
after the GRB (33), which do not resemble SSS17a. Unfortunately, there are no spectra of short
GRBs reported in the literature at epochs later than 1 day. We therefore cannot compare our later
spectra against other short GRBs at similar epochs. Despite the limited comparison sample, we
conclude that the early blue spectrum of SSS17a does not resemble previously detected short
GRB spectra, which are likely dominated by afterglows from a jet projected along the line
of sight, arguing that we are instead seeing emission that is independent of the GRB. This
conclusion is bolstered by the lack of X-ray and radio emission at early times, which rule out a
broad-band synchroton spectrum as the primary driver of the optical emission (35).

In Figure 3, we also compare SSS17a to supernovae and other rapid transients. Type Ia and
Type Ibc supernovae develop emission lines with characteristic width/velocities of 10, 000 km s~*
(0.03c) and evolve over weeks to months rather than days. Young Type II supernovae can have
blue, smooth spectra, not dissimilar to the earliest spectra of SSS17a, but this phase lasts for

many days. At later times, they settle to a temperature of ~6000 K for ~100 days deter-



mined by hydrogen recombination and show hydrogen absorption lines, both properties very
much unlike SSS17a. Early spectra of rapid blue transients (36) can be as blue as SSS17a, but
they maintain their blue color for days whereas SSS17a had become much redder by day 2.49.
GRB980425/SN1998bw and GRB030329/SN2003dh, supernovae associated with long GRBs,
revealed the spectrum of a Type Ic supernova as the afterglow faded and remained detectable for
months (37, 38). However, the supernova features seen in GRB980425 are absent in SSS17a,
and SSS17a again evolves and fades much faster, becoming undetectable in weeks.

Detailed comparison of the spectral features of SSS17a to theoretical models is challenging.
Current models use only a small subset of the elements synthesized in the neutron-rich outflows,
and even for the elements that are included there is considerable uncertainty in the details of their
line transitions (16, 18). The features that are found in the optical spectra of current models are
composed of many different transitions and cannot be reliably associated with specific elements.
We therefore focus on the most robust physical features (such as color, velocity and temporal
evolution) in our comparison.

The ejecta from a neutron star merger can have different compositions and velocities de-
pending on their origin. This motivates comparison to a few characteristic models. In Figure
4A, we present theoretical models of 0.1 solar masses of lanthanide-rich material that has been
dynamically ejected with a velocity of 0.2c (/7). Such a model is consistent with the power-law
evolution of the bolometric luminosity of SSS17a at times = 4 days, which is consistent with
the expectations for r-process heating (26), although it is not currently possible to identify the
particular r-process elements responsible. Modest scaling, by a factor < 7, was required to
match the overall luminosity of each epoch, but there are qualitative similarities to the spectra
from 4.51 days onward. However, this model alone does not reproduce the rapidly evolving
early blue phase.

The material generating the early component is likely lanthanide-free to reproduce the blue



emission. Such material can be driven by accretion disk winds (39) or dynamical ejection
from the neutron star-neutron star merger interface (40). We consider both cases, with the
main difference being the velocity of the material. In Figure 4B, we compare with a disk wind
model (/9), which although it can account for the blue colors at early times, has a number of
problems. These include a luminosity that is much too low (the model spectra have been scaled
by over an order of magnitude), velocities (< 0.1¢) that are much smaller than those we infer
from the temperature evolution, and absorption features that are not seen in our early smooth
spectra. We therefore disfavor a disk wind origin.

For the case of lanthanide-free dynamical ejecta, there are fewer theoretical predictions of
spectra available for direct comparison. We replicate the main features of this scenario with a
model composed of fast-moving (2 0.2c¢) lanthanide-free material (47), shown in Figure 4C.
Unlike the previous scenarios, such a model may explain the spectra blueward of 9000 A for
times up to 3.46 days. At later epochs, the observed spectra have large red excesses relative
to the model, which could be explained if the red component is obscuring the lanthanide-free
material as the ejecta evolve (34). Such obscuration could occur because the red dynamical
ejecta are more concentrated in equatorial regions, while the lanthanide-free material would
be launched perpendicular to the binary midplane. This geometry suggests a viewing angle
that is neither edge nor pole on. However, the large velocity (> 0.2c) we infer for the blue
component might make obscuration difficult and it is unclear if certain viewing angles and
ejecta distributions can satisfy all the constraints from the spectral evolution we observe.

The detailed spectral, kinematic, and chemical data obtained for SSS17a provide multi-
ple constraints for understanding binary neutron star mergers. We find that existing models
related to neutron star ejecta may explain some aspects of the spectral evolution we present,
but no single model matches all of the main properties. The ejecta likely have a complicated,

three-dimensional structure, with large internal variations in velocity and composition, and this



complexity may be required to account for the full time-series spectral data in greater detail.
On the other hand, alternative physical mechanisms should not be discounted, especially for the
early, hot, thermal emission. The smooth spectrum of the very early optical emission allows us

to rule out models, namely disk winds, that would be degenerate with photometry alone.
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Figure 1 Early Optical Spectra of SSS17a. Magellan/LDSS-3 and Magellan/MagE spectra of
SSS17a acquired 11.75 and 12.75 hours after the LVC trigger, respectively. The overall slope of
the continuum evolved subtly but significantly in this one-hour interval, demonstrating a change
in the effective temperature of the source. Blackbody models and uncertainties are shown by
the shaded green (LDSS-3) and brown (MagE) regions. The thick and thin solid lines in the
fit regions indicate the median and 90% confidence interval for the fits, respectively. These
fits are described in (28). The shaded gray outlines surrounding each spectrum indicate the
uncertainties on the flux-calibrated spectra. Although the MagE spectrum extends to 10100 A,
we only use the data blueward of 7000 A for the blackbody fit because of the difficulty of flux-
calibrating the data at redder wavelengths where the overlap between adjacent spectral orders
is minimal and telluric absorption bands can cover a large fraction of an order. A vertical offset

of —0.35 dex has been applied to the MagE spectrum for clarity.
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Figure 2. Spectroscopic time series of SSS17a. The vertical axis is observed flux (f)). Ob-
servations began ~ 0.5 days after the merger and were obtained with the LDSS-3, MagE, and
IMACS spectrographs on the Magellan telescopes. These spectra have been calibrated to the
photometry of (24, 26). Colored bands indicate the wavelength ranges of the g, 7,4, z, and YV

photometric filters.
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Figure 3. Spectra of SSS17a compared with a broad range of other astronomical transients
at several evolutionary phases. While the ~ 0.5 day spectrum of SSS17a has few features and
is potentially an extreme version of some other hot and/or fast transients, it evolves rapidly in
comparison. Within 3 days of the LIGO trigger, the optical spectrum of SSS17a is no longer
similar to other known transients. Dates listed are relative to the time of explosion for all objects.
All spectra are divided by their median value and displayed with arbitrary additive offsets for
clarity. (A) SSS17a compared to the Type Ia supernova (SN Ia) SN2011fe (42) and the afterglow
spectrum of the short gamma-ray burst GRB130603B (33). Few observations of other transients
within 1 day of explosion are available. (B) SSS17a at 3.46 d after explosion compared to the
SN Ia ASASSN-14Ip (43), the Type II supernova SN2006bp (44), and the long gamma-ray burst
and its associated afterglow and broad-lined Type Ic supernova GRB030329/SN2003dh (38) at
similar times relative to explosion. (C) SSS17a at 7.45 d after explosion compared to SN2011fe
(45), the rapid blue transient PS1-12bv (36), the fast Type Ic supernova SN2005¢k (46), and the
GRB/SN GRB980425/SN1998bw (37).
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Figure 4. Comparison of SSS17a to theoretical models. The vertical axis is observed flux
(f»)- The models shown are for three possible physical interpretations of SSS17a. While the red
kilonova model provides a reasonable likeness to the data at late times, the early time spectra
and kinematics require lanthanide-free relativistic material. No single model shown here or de-
scribed in the current literature can self-consistently reproduce the full spectroscopic time series
of SSS17a. (A) Lanthanide-rich red kilonova model from a neutron star merger and dynamical
ejection (/7). At each epoch, the absolute luminosity is scaled to match the data. (B) Disk-wind
model (/9) with a neutron star that immediately collapses after the merger. The absolute lumi-
nosity is scaled by a factor of 2 10 at each epoch to match the data. (C) Lanthanide-poor blue
kilonova model from a neutron star merger and dynamical ejection (4/). The model has been

crafted to match the observations at early times (34).
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Materials and Methods

S1 Data Acquisition & Reductions

We obtained spectroscopic observations of SSS17a with the Magellan/Clay and Magellan/Baade
telescopes beginning 11.75 hours after the neutron star merger, and continued observing SSS17a
spectroscopically for 8 days. Below we describe the data acquisition, reduction, and calibration.

A log of all spectroscopic observations is given in Table S1.

S1.1 LDSS-3 Observations

We observed SSS17a with the Low Dispersion Survey Spectrograph (LDSS-3) on the Magel-
lan/Clay telescope on 2017 Aug. 18-26 (UT). On the first night we obtained spectra in multiple
spectrograph configurations, with the Volume Phase Holographic (VPH)-All, VPH-Blue, and
VPH-Red grisms. The three grisms cover wavelength ranges of 3800 — 6200 A, 4250 — 10000 A,
and 6000 — 10000 A with resolving powers of R = 1400, R = 650, and R = 1400, respectively.
The later LDSS-3 spectroscopy, when SSS17a was much fainter and redder, employed only the
VPH-AIl or VPH-Red grisms. All observations were made with a slit width of 1 arcsec.

We reduced and calibrated the LDSS-3 spectra using IRAF (48) following standard proce-
dures, including bias subtraction, flat-fielding, 1-D spectral extraction, and wavelength calibra-
tion by comparison to an arc lamp. Flux calibration and telluric correction was performed using
a set of custom IDL scripts (49, 50) based on a spectroscopic standard star observed on the same
night. The statistical uncertainties on the spectra were calculated by standard error propagation.

For the first LDSS-3 spectra of SSS17a, obtained on 2017 Aug. 17-18, the spectrograph slit
was oriented ~ 22° away from parallactic angle. Given the relatively high airmass (airmass ~
2) at the time, some flux was lost as a result of differential atmospheric refraction. A similar

offset from parallactic angle was used for LDSS-3 observations on 2017 Aug. 18-19, with



smaller flux losses because of the lower airmass. To correct for this effect, we first calculated
the offset of the source from the center of the slit due to the differential refraction, assuming
that the target was in the center of the slit at the effective central wavelength of the ¢ filter
that was used for target acquisition. We then measured the atmospheric seeing as a function
of wavelength, modeled the source with a two-dimensional Gaussian profile, and computed the
fraction of light from the model source that fell in the slit as a function of wavelength. Finally,
the calibrated spectrum of SSS17a was scaled to account for the light that landed outside the
slit.

The magnitude of the differential refraction and seeing corrections depends on the position
of the source within the slit. A source position different than the one we have assumed will result
in systematic errors in the scaled spectrum. Because we do not have a way of measuring this
position during the spectroscopic exposure, we quantify the resulting systematic uncertainty by
calculating the change in the differential refraction and seeing corrections for source positions
offset by 0.1 arcsec in either direction (over a 300 s exposure the telescope guiding is expected
to be at least this accurate) from the nominal position. At each wavelength, we define the
systematic uncertainty to be the average of the changes in the correction factor between the

+0.1 arcsec and —0.1 arcsec offsets.

S1.2 MagE Observations

We observed SSS17a with the Magellan/MagE spectrograph (57) on the nights of 2017 August
17-19. We used a 0.7 arcsec x 10 arcsec slit to provide a spectral resolving power of R = 5800
on August 17-18 and a 1.0 arcsec x 10 arcsec slit to provide a spectral resolving power of
R = 4100 on August 18-19. On the first night we obtained a single 322 s exposure and on the
second night we obtained three 1000 s exposures. We reduced the MagE spectra using an IDL

pipeline based on the techniques described in (52), with updates to improve the flux calibration



from (53). Observations on both nights were flux calibrated with a standard star spectrum
obtained on 2017 Aug. 18-19.

The spectrum from Aug. 17-18 was taken with the slit oriented at the parallactic angle, so the
effects of differential atmospheric refraction should be negligible despite the high airmass (3.0)
at the time of observation. The seeing measured from the spatial profile of the source spectrum
varied as a function of wavelength, from 0.9 arcsec at the red end of the spectrum to 1.3 arcsec
in the blue. We corrected for wavelength-dependent loss of light from this seeing variation
by modeling the source with a two-dimensional Gaussian profile, calculating the fraction of
the flux that fell in the slit as a function of wavelength, and adjusting the calibrated spectrum
accordingly.

For readers who are interested in making use of the Aug. 17-18 MagE spectrum, we urge
caution in interpreting the data at wavelengths redder than ~ 7000 A. As a specific example,
the apparent step in the spectrum at ~ 7200 A is not a real feature. It occurs at the breakpoint
between two spectral orders and at a wavelength where there is significant telluric absorption,
which makes matching the continuum levels of the neighboring orders difficult.

The Aug. 18-19 spectra were obtained with the slit 22° away from parallactic angle, causing
a loss of flux at short wavelengths, which we corrected as described above for LDSS-3.

The statistical uncertainties on the MagE spectra were calculated by standard error propa-
gation. We added these in quadrature with additional uncertainties based on the seeing losses,
telluric absorption corrections, and the overlap between adjacent spectral orders. To be con-
servative we applied generous uncertainties for each of these effects. For wavelengths within
20 A of where orders overlap we assumed a 30% uncertainty on the measured fluxes. We also

assumed that the seeing loss and telluric corrections each had an uncertainty of 30%.



S1.3 IMACS Observations

We observed SSS17a with IMACS (54) on the Magellan/Baade telescope approximately 48
hours after its discovery on 2017 Aug. 19-20 using the f/2 camera and the 300 lines/mm grism
at a blaze angle of 17.5°. The spectrum was obtained through a 0.9 arcsec-wide slit providing
a spectral resolving power of R ~ 1000. We reduced and extracted the IMACS spectrum using

standard routines in IRAF, including a telluric correction.

S1.4 MIKE Observations

We obtained spectra of SSS17a totaling 1.03 hours of integration time with the MIKE spectro-
graph (55) using a 2 arcsec x 5 arcsec slit beginning at UT 00:18 on 2017 Aug 19. The wide
slit ensured that we captured as much light as possible from the fading transient. For light that
fills a 2 arcsec slit the resulting resolving power is R = 13000 in the red (A > 5000 A) and
R = 16000 in the blue (A < 5000 A). However, the seeing of ~ 1 arcsec during the observations
provides resolving power a factor of ~ 2 higher for the SSS17a spectrum. We reduced these
data using the Carnegie Python pipeline (56). The spectrum has a signal-to-noise ratio of 8 per

pixel at 5900 A and 12 per pixel at 6600 A and is shown in Figure S1.

S1.5 Calibrating and Dereddening Spectra of SSS17a

We futher calibrate the non-MIKE spectra (LDSS-3, MagE, and IMACS) against photometric
measurements of SSS17a by extracting synthetic photometric magnitudes for each filter that
was completely contained in the wavelength range covered by the spectrum and for which
we could either interpolate the photometric light curves (24, 26) or extrapolate them by no
more than 1 hour. The exception is the final (8.46 day) spectrum, where the 7 band magnitude
was linearly extrapolated by 1 day. Then we determined the best-fitting line to the difference

between the observed and synthetic photometry as a function of central wavelength, and scaled



each spectrum by this fit. The VPH-blue and VPH-red observations on the first night only
covered the wavelengths of g and 7, respectively. Thus, for these two spectra we could not
correct any wavelength-dependent flux calibration issues and instead only applied a zero-point
correction. The bands used to calibrate each spectrum are listed in Table S1.

We adopt reddening and extinction estimates of £(B — V') = 0.106 and Ay = 0.34 mag for
our analysis based on the far-infrared dust maps of (57). These measurements are consistent
with the extinction value of Ay = 0.37 4 0.06 mag determined by (58) using Pan-STARRSI1
stellar colors. As a consistency check, we also estimated the extinction along the line of sight to
SSS17a with the Nal D absorption lines in the MIKE data. We modeled the Na lines from the
Milky Way with a single Gaussian component for each of the D2 and D1 lines, which provides
an accurate fit to the spectrum (Figure S1). The spectrum can also be fit with additional weaker
components, but because of the modest signal-to-noise ratio of the data and the presence of
residuals from the subtraction of the telluric Na D emission lines at nearly the same velocity,
those features are not statistically significant. We measured a best-fitting heliocentric velocity
of 4.7+ 1.2km s~ for this absorbing gas, with a full width at half maximum (FWHM) of 26 =+
3km s~! and equivalent widths (EWSs) of 3284-52 mA for the D2 line and 256462 mA for the D1
line. We calculated a NaI column density of 5.2 x 10?2 cm~2 from the EW measurements using
a standard curve-of-growth analysis. This column density corresponds to a V-band extinction
Ay ~ 0.4mag (59). Although this value is consistent with the results of (57) and (58), because
of the uncertainties involved in translating Na D absorption strength into extinction we do not
make further use of it in this paper.

We correct the observed spectra for this foreground reddening using a Milky Way extinction
curve (60). The extinction curve is parameterized by the value Ry = Ay /E(B — V'), where
E(B—V) = Ap — Ay is the selective extinction between the B and V' photometric bands (Ap

is the total extinction in the B-band). We assume Ry = 3.1.



S1.6 Synthetic Photometry of SSS17a

We measured synthetic photometry in any Sloan (griz) or Johnson/Cousins (BVRI) photomet-
ric bandpass whose transmission window falls within the wavelength range of the observed
spectrum. In order to facilitate direct comparison to broadband observations of SSS17a, this
photometry was performed after correction for slit losses, but before the correction for Milky
Way reddening described above. To estimate the uncertainties on the synthetic magnitude mea-
surements we run a Monte Carlo simulation. We randomly redraw the photometric measure-
ments 50,000 times based on the observed photometry (26), assuming that the photometric
uncertainties are normally distributed around the measured magnitudes with a width given by
the photometric uncertainties. For each draw, we recalibrate the spectrum to the drawn pho-
tometry and then perform synthetic photometry. We adopt the 16th and 84th percentiles of
the distribution of synthetic magnitude measurements in the Monte Carlo simulation as the 1o
uncertainties on each measurement. For the day 8.46 spectrum we do not make any synthetic
measurements because the photometry used to calibrate that spectrum was extrapolated from

one day earlier. We report the synthetic photometry and associated uncertainties in Table S2.

S1.7 GRB130603B Spectra

Both GRB130603B spectra plotted in Figure 2 were presented in (33). The GTC/OSIRIS spec-
trum was taken from that paper while we retrieved and reduced the raw X-Shooter optical and
near-infrared spectra using the ESO Reflex environment and the X-Shooter standard pipeline
recipes. These spectra are mostly featureless within the noise, except for telluric lines and

narrow Mg and Ca absorption.



S2 Constraints on Host Galaxy Absorption Lines

We searched the MIKE and MagE spectra for host galaxy absorption or emission lines. The
host galaxy, NGC 4993 (24), has a redshift of z = 0.00988 (67). We are unable to detect any
absorption lines associated with the host galaxy.This result is in agreement with the results of
VLT/X-Shooter observations (62). Specifically, we do not detect host galaxy Na D absorption,
from which we conclude that all of the extinction along the line of sight to SSS17a is located in
the Milky Way. Assuming the same linewidth as for the Milky Way Na D absorption (S1.5) and
using the formula given by (63), we place a 20 upper limit on host galaxy Na D absorption of
92 mA (for either the D2 or D1 lines). In comparison, the detected Na D EWs for GRB130603B
were 530 4 90 mA and 590 + 80 mA for the D2 and D1 lines, respectively (33). The signal-to-
noise ratio of the MIKE spectrum in the blue is too low to place meaningful constraints on Ca H
and K absorption. The lack of any neutral gas in NGC 4993 near the site of the merger might
indicate that SSS17a was on the near side of the host galaxy, or that NGC 4993 is a largely
gas-free system. We also do not detect Ha in either absorption or emission (with a 20 upper
limit of 63 mA for a linewidth of 25kms™") or the O III A5007 A emission line, although the
signal-to-noise ratio of the spectrum near 5000 A is low because it is close to the wavelength of

the dichroic of the spectrograph.

S3 BlackBody Spectral Fitting

We fit blackbody models to the observed dereddened rest-frame spectra from the first night
using Markov Chain Monte Carlo (MCMC) methods. For a single MCMC run, the statistical
uncertainties described above for the LDSS-3 (S1.1) and MagE (S1.2) spectra define the width
of the posterior probability distributions for the blackbody temperatures and radii. We carry

out additional Monte Carlo simulations to incorporate the effects of systematic uncertainties



on the spectra and the photometric flux measurements to which they are tied (S1.5). For the
LDSS-3 spectrum we draw 500 random positions of the source within the slit from a Gaussian
distribution with a FWHM of 0.1 arcsec. We scale the observed spectrum by the slit losses from
differential atmospheric refraction and seeing for each of the randomly drawn source positions
to create 500 Monte Carlo spectra. We also randomly draw 5 g and ¢ magnitudes for each source
position based on the measured photometric uncertainties and scale the Monte Carlo spectra
accordingly. We then re-run the MCMC with the resulting spectra. The reported uncertainties
on the BB temperatures and radii are the 90% confidence intervals from these 2500 Monte Carlo
iterations. Because the MagE spectrum was obtained at parallactic angle there is no systematic
component to the spectroscopic uncertainties. The uncertainties related to the photometry still
apply, so we randomly draw 2000 ¢g and ¢ magnitudes, scale the spectrum, re-run the MCMC
on the Monte Carlo spectra, and define the uncertainties as above.

Figure 1 shows the observed spectra as well as shaded regions with lower and upper bounds
corresponding to the blackbody spectra expected for the 5th and 95th percentile temperature

and radii obtained from the fits, respectively.

S4 Existing Kilonova Models

There are many theoretical models of kilonovae in the literature, but they have been developed
with few observational constraints. To investigate whether any aspects of the SSS17a spectra
agree with theoretical predictions, we searched the three main classes of published models: 1)
classic lanthanide-rich red kilonova (17), ii) lanthanide-poor accretion disk winds following the
merger (/9), and ii1) a model including both hydrodynamical ejecta and wind from a black hole
(BH)-neutron star (NS) merger (64). We find that no existing model we considered simultane-
ously produced satisfactory fits to the spectroscopic features, color, evolution, and luminosity

of our spectroscopic time series. However, studying the ways in which models do agree often



leads to additional physical insights. Therefore, we re-examined the models for qualitative sim-
ilarities with the data by scaling the model luminosities at each epoch to match the observed
spectroscopic times series. Even with that additional freedom almost all models were unsatis-
factory. However, for the two models shown in Figures 4A and 4B some features resemble the
spectra of SSS17a. The NS-NS merger model of (/7) has 0.1 solar masses of ejecta composed
of Ca, Fe, and Nd distributed in a broken power law density profile with v = 0.2c. The result-
ing spectra exhibit smooth red continua with a similar shape to the observed spectra from 4.51
days onward, with the exception of the predicted emission feature at ~ 6000 A (Figure 4A).
Conversely, the disc wind outflow model of (/9) with a NS with lifetime of 0 ms reproduces the
spectral slopes during the first 3.5 days. However, it strongly over-predicts absorption features

and under-predicts the photospheric velocity after the merger.
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Figure S1. High-resolution MIKE spectrum of SSS17a. The plotted wavelength range is
centered on the Nal D absorption lines from the interstellar medium of the Milky Way. The red
curve is our Gaussian fit to the spectrum, and the gray spectrum below is the residuals from the

fit.
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Table S1: Spectroscopic Observations of SSS17a. Columns include the UT Date and Julian
Date (JD) at the start of the observation, rest frame days since the gravitational wave trigger
(phase), the telescope and instrument with which the observations were taken, the rest frame
wavelength range of the spectrum, the total exposure time of the spectrum, and the broad-band

photometric filters that were used to calibrate the spectrum.

UT Date D phase  Telescope/Instrument Wavelength range  Exposure  Calibrating
(days) A (s) Filters
2017-08-18 00:26:16.9  2457983.518251 0.49  Magellan-Clay/LDSS-3 3780 — 10200 300 g,
2017-08-18 00:40:08.6  2457983.527877 0.50  Magellan-Clay/LDSS-3 3800 — 6200 300 g
2017-08-18 00:52:08.6  2457983.536204 0.51  Magellan-Clay/LDSS-3 6450 — 10000 600 )
2017-08-18 01:26:22 2457983.559977 0.53  Magellan-Baade/MagE 3650 — 10100 322 g,1
2017-08-18 23:47:36.7  2457984.491397 1.46  Magellan-Clay/LDSS-3 3820 — 9120 600 g,V,r, 1
2017-08-19 00:18:11 2457984.512627 1.48  Magellan-Clay/MIKE 3900 — 9400 3710 N/A
2017-08-19 00:35:25 2457984.524595 1.50  Magellan-Baade/MagE 3800 — 10300 3000 g,V,r, 1
2017-08-20 00:26:27.9  2457985.518368 2.49  Magellan-Baade/IMACS 4355 — 8750 2100 V,r,i
2017-08-20 23:45:52.7  2457986.490193 3.46  Magellan-Clay/LDSS-3 4450 — 10400 3000 V,r,i,z
2017-08-22 00:50:33.7  2457987.535112 4.51 Magellan-Clay/LDSS-3 5010 — 10200 3600 1,2
2017-08-24 23:33:51.5  2457990.481846 7.45  Magellan-Clay/LDSS-3 6380 — 10500 3600 1,2
2017-08-25 23:39:18.1  2457991.485626 8.46  Magellan-Clay/LDSS-3 6380 — 10500 3600 i,z

*This data point was extrapolated from the latest measurement on the previous night.

Table S2: Synthetic photometry measurements from spectroscopic observations of SSS17a.
Columns include the Julian Date (JD) of the spectroscopic observation and the broadband filter
of the measurement (grizBV R or I). Synthetic photometry was performed prior to correc-
tion for foreground Milky Way reddening. griz—band magnitudes are presented on the AB
magnitude scale. BV RI—band magnitudes are presented on the Vega magnitude scale. 1o
uncertainties are listed.

D g r % z B \% R 1
(AB mag) (Vega mag)

+0.02 +0.02 +0.02 +0.03 +0.02 +0.01 +0.02
2457983518251 | 17.397002  17.337007 17477002 17.671 005 17337052 17157001 17.0870:07
2457983527877 | 17411005 ..

+0.02 +0.01 +0.02 +0.03 +0.03 +0.02 +0.01 +0.02
2457983.559977 17'4518‘8% 17'3418‘8% 17'5118‘8% 17597005 | 17631003 17'3518‘8% 17'1718'8% 17'1218‘83
2457984491397 | 18.641005  17.927001  17.7870-02 18187001 17671001 17.3170:03
2457985.518368 18.9878-0%  18.367002 ... 19.4970:0% 18577003 17.8270 5%
2457986.490193 19.887602  18.917007  18.3870:03 20417005 19.357507  18.2670-02
2457987.535112 21.007515  19.437590% 18757008 21.837022 20197597 18.6770-02
2457990.481846 21.447020  19.9175-07 20.3770 15
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