


Basic Observations of GW170817

• Very fast fading in blue, slower in near-IR 
• Color temperature of ~2500K after a week 
• Luminosity/timescale consistent with ~few×10-2 M⦿ of r-process 

ejecta
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dated zero-points to independently analyze the data. We per-
form photometry in a 300 photometric aperture to minimize
the contamination from host galaxy light, following the pre-
scriptions by Brown et al. (2009). We estimate and subtract
the contribution from host galaxy light using deep UVOT
observations acquired at later times, when the UV emission
from the transient was no longer present in the images (Swift
ID 07012979003). The systematic effect from the host light
contamination is ⇡ 3% (see e.g., Brown et al. 2009).

3. LIGHT CURVES AND SPECTRAL ENERGY
DISTRIBUTIONS

3.1. Light Curves

Our UV/optical/NIR light curves are shown in Figure 1.
The data span from 0.47 to 18.5 days post merger, with bluer
bands fading below the detection limits at earlier times. The
light curve coverage was truncated by the proximity of the
source to the Sun. We first note that the light curves are not
well described by a power law, indicating minimal contribu-
tion from a GRB optical afterglow over the timescale of our
observations. This is consistent with modeling of the after-
glow based on X-ray and radio observations (Margutti et al.
2017; Alexander et al. 2017).

The light curves exhibit a rapid decline in the bluest bands
(ug), an intermediate decline rate in the red optical bands
(rizY ), and a shallow decline in the NIR (HKs). However,
while the u- and g-band light curves decline by ⇡ 2 mag
d-1 starting with the earliest observations, the redder opti-
cal bands exhibit a more complex behavior: they exhibit a
comparatively slow decline (⇡ 0.3 mag d-1) over the first 1.5
days, develop a shoulder at about 4 days, and subsequently
begin to decline at about 8 days.

We find a similar rapid evolution in the colors of the tran-
sient (Figure 2). In particular, the u - g and g - r colors
become redder by about 1 mag between about 1.5 and 3.5
days. The colors in the redder optical bands exhibit slower
evolution, with r - i ⇡ 0.5 - 1 mag, i - z ⇡ 0 - 0.5 mag, and
z -Y ⇡ 0.3 mag. These colors are significantly redder than
those of known supernovae near explosion (e.g., Folatelli
et al. 2010; Bianco et al. 2014; Galbany et al. 2016).

3.2. Spectral Energy Distribution

We construct SEDs from photometry at several epochs
from about 0.6 to 10 days post-merger (Figure 2). The SEDs
exhibit rapid evolution from an initial peak at ⇠3500 Å to a
final peak at & 15,000 Å by 10 days. Moreover, the SED at
1.5 days appears to consist of two components, as indicated
by the changing slope in the NIR emission. The same rapid
evolution and structure are apparent in the optical and NIR
spectra at comparable epochs (Nicholl et al. 2017; R. et al.
2017).

Figure 2. Top: Optical colors from DECam observations as a
function of time. We observed rapid and early reddening in g - r
compared to the relatively flat but red i - z colors. Also shown are
template Ia SN colors relative to explosion for comparison (Nugent
et al. 2002). Middle: SEDs at four representative epochs (assuming
isotropic emission). The transition from a blue dominated spec-
trum at early times to a spectrum dominated by a red component at
late times is clearly visible. Bottom: Bolometric light curve span-
ning ugrizY H. Expected values for r-process heating from Metzger
et al. (2010) are shown for comparison, indicating that the observed
emission requires few⇥ 10-2 M� of r-process ejecta. Error bars
are given at the 1� level in all panels, but may be smaller than the
points.

The SED at 0.6 days is well described by a blackbody with
T ⇠ 8300 K and R ⇠ 4.5⇥1014 cm, corresponding to an ex-
pansion velocity of v ⇠ 0.3c. This is somewhat larger than
the velocities observed in broad-lined Type Ic SNe (for which
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Value-add from EM Counterparts

1. Cosmology
Host-galaxy identification           redshift           calculation of H0

(host galaxies can also constrain stellar binary evolution)

2. Origin of r-process elements
Only electromagnetic emission can diagnose nucleosynthesis


3. NS Equation of State
Mej, vej, and composition depend on binary parameters and EOS

• NS radius       prevalence of different ejecta components 

• MHNS lifetime       nucleosynthesis in the post-merger disk




r-process evidence
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Longer, dimmer, redder light curves reveal 
the presence of heavy r-process material
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Sources of uncertainty
1. Asymmetry and multiple components

How does the emission vary with viewing angle? 

How well do (superposed) 1D models represent more 
complicated geometries?

How much to we trust the interpretation of each component

NS+NS with long-lived HMNS NS+NS with short-lived HMNS NS+BH with BH remnant



2D kilonova simulations

• Viewing angle makes a difference 
• Reprocessing of one component by another may be very important

Kawaguchi et al. 2018

See also Wollaeger et al. 2018



Or maybe not?

• Waxman et al. (2017) argue that a single component with a low 
lanthanide abundance (Xlan ~ 10-3) can explain the whole light curve, 
which would be insufficient to explain solar lanthanide abundances

9

For a decay rate ε̇ ∝ t−1 over ∼ 1 s to ∼ 5 d the total radioac-
tive decay energy is ≈ 10tM ε̇M , corresponding to a radioac-
tive decay energy per nucleus of

EA ≈ 7
1

3(1− fνγ)

κM

1cm2/g

A

100
MeV. (24)

Here A is the mass number of the nucleus (note that this
is the average energy per all nuclei in the ejecta). This
result implies that the opacity of the ejected material cannot
be larger than ∼ 1cm2/g, since κ ≫ 1cm2/g would
require radioactive energy release per nucleus which is
well above that expected from beta decay. For typical
radioactive energy release rates obtained in numerical
calculations at 1 d for Ye < 0.4, ≈ 2 × 1010erg/s g (e.g.
Freiburghaus et al. 1999; Metzger et al. 2010; Goriely et al.
2011; Roberts et al. 2011; Korobkin et al. 2012; Wanajo et al.
2014; Lippuner & Roberts 2015; Barnes et al. 2016;
Hotokezaka et al. 2016; Rosswog et al. 2017), we find

κM ≈ 0.3cm2/g. (25)

The typical radioactive energy release rate at 1 d is signifi-
cantly lower than 1010erg/s g for Ye > 0.4, and hence incon-
sistent with the observations (see also Rosswog et al. 2017).

It is important to emphasize that the conclusion, that the lu-
minosity is generated at t ∼ 1 d by low opacity material, is in-
dependent of model assumptions. The mass given is Eq. (22)
is the maximum mass that can contribute to L at 1 d, since
this is the mass through which the diffusion wave can pene-
trate for a given opacity. This in turn implies that the values
of ε̇/κM and EA/κM given in Eqs. (23) and (24) are model
independent lower limits for these parameters, and hence that
κM ! 0.3cm2/g is a model independent upper limit on the
opacity. Since the opacity cannot be significantly lower than
this value, we also conclude that tM cannot be significantly
smaller than 1 d. For tM ≪ 1 d, M would be significantly
smaller than given by Eq. (22), and the value of ε̇ required for
producing the observed luminosity would exceed the value
that may be provided by β decay.

The temporal dependence of rph, rph ∝ t0.6 (see Fig. 6),
implies a relation between γ and α through Eq. (18), (1 +
γα)/(1+2α) = 0.6 (see Fig. 8). The extension of the power-
law behavior to ∼ 5 d implies that the optical depth of the
ejecta τM (τ(m = 1), see Eq. 3) is larger than unity up to that
time. Fig. 8 shows τM (t = 5d) as function of α, for the mass
M(α) and velocity vM (α) inferred from the observations. In
order to satisfy τM (5d) > 1, we require α " 0.5, which
implies 0.5 ! γ ! 1. Finally, the data shows evidence for a
flat dependence of L on t at early time, L ∝ t0 at t < tM ≈
1 d. Adopting this as a constraint, and using Eq. (12), we find
γ ≈ α ≈ 0.6, consistent with the constraint α > 0.5 derived
from the requirement of τM (5d) > 1. This value of γ implies
that the opacity does not evolve strongly with time.

The inferred low value of κM implies that the ejecta should
become marginally optically thin, and that the e± energy de-
position should become inefficient, at similar times. For the
ejecta parameters inferred above, we have tph ≈ tε ≈ 7 d.
At t > tε we expect a steepening of L(t) by an additional
factor (t/tε)−2, which is consistent with the observed light
curve (see Fig. 3, Table 1). The deviation of the spectral dis-
tribution from a blackbody distribution at t " 5 d is also con-
sistent with the expected transition to optically thin emission,
see figures 1-3.

Figures 9 and 10 present a comparison of the observations
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FIG. 9.— A comparison of the observed bolometric light curve (brown and
blue points) and the analytic model light curve (solid black line), Eq. (12)
with tM = 1 d, LM = 6 × 1041erg/s, TM = 6600 K, and {α =
0.7,β = 1, γ = 0.6, XM = 0.02} (the brown points show the luminos-
ity obtained from a photometric integration, and the blue points are obtained
from the black-body fits to the data, see Fig. 3). The values of tM , LM and
TM are inferred directly from the observations, and determine the ejecta pa-
rameters κMM , ε̇M/κM and vM (see Eqs. 22 and 23, Fig. 8). The large
value of ε̇M/κM requires a low value of κM , κM ! 0.3cm2/g. Since
the value of κM cannot be much lower, this enables a determination of the
ejecta parameters with little uncertainty. For the model shown in the figure,
M = 0.05M⊙, vM/c = 0.15, κM = 0.3cm2/g, κe = 0.4cm2/g,
and (1 − fνγ)ε̇M = 6 × 109erg/s g. The model parameters are deter-
mined by the t < 6 d observations. The low value of κM implies that the
ejecta should become marginally optically thin, and that the e± deposition
efficiency should drop below unity, at roughly the same time, ∼ 7 d (see
Fig. 8). This is consistent with the observed steepening of the luminosity
decline, from t−1 to t−3, and with the increasing deviation of the observed
spectra from thermal spectra, at t > 7 d. We note that the analytic model
parameters were not obtained as a best fit to the data. The model light curve
is overlayed on the data to demonstrate that it captures both the qualitative
and quantitative behavior.

with the bolometric and multi-band light-curves of the sim-
ple analytic model (for model parameter values as determined
above). The simple model provides a good description of both
the qualitative and quantitative properties of the observations.

For both Iron group elements and Lanthanides, a rapid de-
cline of the opacity is obtained below ∼ 3000 K, due to re-
combination. Since the ejecta temperature drops to ∼ 3000 K
at t ∼ 7d, it may become optically thin at later time also for
masses larger than M inferred above. Thus, while the transi-
tion to optically thin emission expected for the above inferred
parameters is consistent with observations, we do not consider
this as strong evidence in support of the model. We also note,
that the rapid drop in opacity implies that the temperature of
the plasma cannot decreases significantly below 3000 K, as
otherwise the emissivity would not be sufficient to enable the
plasma to radiate the deposited energy.

As demonstrated in Fig. 3, the bolometric light curve at
t > 3 d is consistent with an exponential decline with a
time constant of t0 ≈ 3.7 d. This may suggest that an early
power-law decay of the radioactive energy generated by the
decay of a wide range of nuclei is overtaken at late time by
an exponential dominated by a single isotope. Such an in-
terpretation of the data would require tε > 10 d, which im-
plies κe/κM " 4, since otherwise the luminosity decline
would be faster than the intrinsic exponential due to the in-
efficiency of the e± energy deposition, i.e. at t > tε we
have L ∝ (t/tε)−2 exp(−t/t0). This interpretation of the
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Figure 3. Top Left: Fitting the data with a Type I b/c SN model powered by the radioactive decay of 56Ni. This model clearly fails to capture
the late time NIR behavior and requires an unphysically large fraction of the ejecta to be synthesized into nickel (⇠75%). Top Right: Fitting the
data with a single component “blue” KN model. Like the SN model, this fit is unable to capture the late time NIR behavior and overall spectra
shape. Bottom Left: Fitting the data with a single component “red” KN model. This model clearly fails to capture any of the observed behavior.
Bottom Right: Fitting the data with a single-component KN model with the opacity as a free parameter. Again, this model fails to capture the
late time NIR behavior. This is suggestive of the fact that we need to model multiple ejecta components simultaneously. Error bars are given at
the 1� level in all panels, but may be smaller than the points.

model could originate from the dynamically-ejected tidal
tails in the equatorial plane of the binary (e.g., Rosswog et al.
1999; Hotokezaka et al. 2013), in which case the relatively
high ejecta mass ⇡ 0.01 M� suggests an asymmetric mass
ratio of the merging binary (q. 0.8; Hotokezaka et al. 2013).

In both multi-component models we find that the  ⇡ 3
cm2 g-1 ejecta dominates by mass. The lower velocity of
this component suggests an origin in the post-merger accre-
tion disk outflow. Our inferred ejecta mass is consistent with
that expected for a massive ⇠ 0.1 M� torus (e.g., Just et al.
2015; Siegel & Metzger 2017). Similarly, the disk outflow

composition is predicted to be dominated by Ye ⇠ 0.3 matter
that produces the ⇡ 3 cm2 g-1 component of the KN emis-
sion (Tanaka et al. 2017) as we observe. The fitted opacity
indicates that the hyper-massive neutron star remnant is rela-
tively short-lived (⇠ 30 ms; Fernández & Metzger 2013; Just
et al. 2015; Kasen et al. 2015). We additionally find that in
both models the total kinetic energy is roughly (1 - 2)⇥1051

erg.
The fact that our multi-component models fit the data well

provides strong evidence for the production of both light and
heavy r-process nuclei, addressing one of the long-standing
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How well do we really know 
the blue component?

Piro & Kollmeier 2018
Metzger et al. 2018



Sources of uncertainty
2. Atomic data and opacities

Opacities Observables (spectrum at 2.5 days)

Kasen et al. 2013

What will allow us to be confident in spectra line identifications?



Sources of uncertainty
3. Nuclear heating
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Nucleosynthesis

• There is a production threshold 
below Ye~0.23 in merger 

calculations: lanthanide fraction 
is not really a free knob Tanaka et al. 2018

Korobkin et al. 2012

Lippuner & Roberts 2015

Lanthanide 
(+actinide) 

fraction



Short GRBs

• Despite confusion with afterglows, 
it is clear that there are short 
GRBs with counterparts fainter 
than 170817 at similar epochs Gompertz et al. 2018

Troja et al. 2018
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3. COMPARISON TO SHORT GRBS

3.1. Afterglows & Explosion Properties

We first compare the radio and X-ray observations of the
counterpart to GW170817 to those following on-axis short
GRBs. In the X-ray band, the counterpart is observed to
brighten over ⇡ 2.4-15.3 days, indicative of a weak on-axis jet
or an off-axis afterglow observed at an angle ✓obs from the jet
axis (Margutti et al. 2017). At the time of the first detection re-
ported in Margutti et al. (2017) at ⇡15.3 days, the X-ray coun-
terpart has a luminosity of ⇡ 1.1⇥1039 erg s-1 (0.3 - 10 keV).
The median luminosity of the five short GRBs that have X-ray
detections at similar rest-frame times is ⇡ 3⇥1042 erg s-1 (Fig-
ure 2); thus, the X-ray counterpart to GW170817 is ⇡ 3000
times less luminous. Moreover, the X-ray counterpart to
GW170817 is ⇡ 55 times less luminous than the faintest known
X-ray emission from a short GRB. Given that the depths of late-
time observations following short GRBs are essentially at the
limits of current X-ray observatories, Figure 2 demonstrates
that the counterpart to GW170817 if shifted to the redshifts of
short GRBs, would not have been detected.

The radio afterglows of short GRBs provide a complemen-
tary comparison sample. The radio limits reported by Alexan-
der et al. (2017) span ⇡ 0.6-40 days and reach luminosity lim-
its of ⇡ 1.2⇥1037 erg s-1 at . 1 day and ⇡ 3⇥1035 erg s-1 for
⇡ 1-40 days. Overall, the radio counterpart to GW170817 is a
factor of & 104 fainter than detected radio afterglows at similar
epochs. The faintest reported detection of a short GRB radio
afterglow was following one of the most nearby known short
GRBs, GRB 160821B (z = 0.16), with ⇡ 1.2⇥1038 erg s-1 (Fig-
ure 2), & 400 times more luminous than the radio counterpart
to GW170817. Based on the radio monitoring by Alexander et
al. (2017), any radio counterpart to GW170817 at the distance
of even the most nearby known short GRBs would not have
been detected.

Margutti et al. (2017) demonstrate that the temporal behav-
ior of the X-ray counterpart can be explained by an off-axis jet.
In particular, they find that for a fixed jet energy (1049 erg) and
jet opening angle (15�) set to the median for short GRBs (Fong
et al. 2015), the best-fit solution has a range of circumburst den-
sities, ⇡ 10-4 - 0.1 cm-3, and observer angles, ✓obs ⇡ 25 - 40�

(Margutti et al. 2017), where the range of solutions is domi-
nated by the uncertainty in the fraction of energy in magnetic
fields (✏B). The range of allowed densities is remarkably simi-
lar to those inferred from on-axis short GRB afterglows, which
have a median of ⇡ (0.3 - 1.5)⇥10-2 cm-3 (Fong et al. 2015).
COMMENTS ON PARAMETERS INFERRED FROM ON-
AXIS CASE + ANY ADDITIONAL CONSTRAINTS FROM
RADIO PAPER GOES HERE

3.2. Optical and Near-IR Kilonovae

Next we compare the luminosity and temporal evolution of
the optical/near-IR counterpart to GW170817 (Soares-Santos
et al. 2017; Cowperthwaite et al. 2017) to previous claims of
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Figure 3. A comparison of the luminosity and temporal evolu-
tion of the counterpart to GW170817 to previous kilonovae
and late-time searches following short GRBs. The rest-frame
near-IR H-band light curves from Gemini-South observations
of the counterpart to GW170817 are shown (Cowperthwaite
et al. 2017). Also shown is the near-IR excess following
GRB 130603B, interpreted as a kilonova (circles; Berger et al.
2013; Tanvir et al. 2013), and 3� upper limits following previ-
ous short GRBs (triangles; Fong et al. 2015, 2016; Kasliwal
et al. 2017, and this work). This comparison demonstrates that
the near-IR excess following GRB 130603B was ⇡ 20 times
more luminous than the counterpart to GW170817 at a similar
rest-frame time.

kilonovae from short GRBs (Figure 3). We also investigate
whether previous searches following short GRBs were sensi-
tive enough to detect excess emission with similar luminosity
to the counterpart of GW170817.

In the rest-frame optical band, the two claimed detections
of kilonovae, GRB 050709 (Jin et al. 2016) and GRB 060614
(Yang et al. 2015; Jin et al. 2015), are & 3 - 7 times more lumi-
nous than the counterpart to GW170817 at & 3 days. At near-
IR wavelengths, the single detection following GRB 130603B
at ⇡ 7 days had a luminosity ⇡ 100 times greater than the
expected level of the afterglow at that time (Berger et al. 2013;
Tanvir et al. 2013). This significant near-IR excess, in con-
junction with the extremely red color, represents the most
convincing case of a kilonova following a cosmological short
GRB. The comparison in Figure 3 demonstrates that the near-
IR excess following GRB 130603B was substantially more
luminous, ⇡ 20 times brighter, than the near-IR counterpart to
GW170817 at the same epoch (Figure 3). Moreover, all three
claimed kilonovae remain luminous for longer after the merger
in their respective rest-frame bands.

At the most basic level, the larger observed luminosities for
the three short GRBs could be explained by higher masses
and velocities of ejected material during and subsequent to

Fong et al. 
2017
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