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ABSTRACT

We present new observations of the binary neutron star merger GW170817 at Ar =~ 220—-290 days post-
merger, at radio (Karl G. Jansky Very Large Array; VLA), X-ray (Chandra X-ray Observatory) and optical
(Hubble Space Telescope; HST) wavelengths. These observations provide the first evidence for a turnover
in the X-ray light curve, mirroring a decline in the radio emission at 2 5o significance. The radio-to-X-ray
spectral energy distribution exhibits no evolution into the declining phase. Our full multi-wavelength dataset
is consistent with the predicted behavior of our previously published models of a successful structured jet
expanding into a low-density circumbinary medium, but pure cocoon models with a choked jet cannot be ruled
out. If future observations continue to track our predictions, we expect that the radio and X-ray emission will

remain detectable until ~ 1000 days post-merger.

Keywords: gravitational waves — relativistic processes

1. INTRODUCTION

The discovery of broadband synchrotron emission associ-
ated with the binary neutron star merger, GW170817 (Ab-
bott et al. 2017b,c), together with the prompt low-luminosity
gamma-ray emission (Abbott et al. 2017a) provided the first
direct evidence for the production of relativistic ejecta in
such a system (Alexander et al. 2017; Granot et al. 2017;
Haggard et al. 2017; Hallinan et al. 2017; Kasliwal et al.
2017; Margutti et al. 2017, 2018; Murguia-Berthier et al.
2017; Troja et al. 2017; Kathirgamaraju et al. 2018; Moo-
ley et al. 2018a). Several lines of evidence suggest that short
gamma-ray bursts (SGRBs) are produced by binary neutron
star mergers viewed on-axis (Berger 2014), and observa-
tions of SGRB afterglows have provided a measure of the
kinetic energies, collimation angles, and circumbinary densi-
ties (Fong et al. 2015). These observations provide a basis for
comparison with GW170817, suggesting that viewing angle
effects are the dominant cause of observed differences be-
tween GW 170817 and these events (e.g., Fong et al. 2017).

In GW170817 the radio and X-ray emission were observed

to rise gradually for the first ~ 160 days, with a single spec-
tral power law, f,, o< v with 8 ~—0.6, spanning ~ 10°—10'8
Hz (Alexander et al. 2017; Hallinan et al. 2017; Kim et al.
2017; D’ Avanzo et al. 2018; Margutti et al. 2018; Mooley
et al. 2018a; Pooley et al. 2018; Resmi et al. 2018; Ruan et al.
2018; Troja et al. 2018). This emission was accompanied by
optical detections well after the radioactive “kilonova” com-
ponent had faded away (Lyman et al. 2018; Margutti et al.
2018). These observed properties can be explained in the
context of two primary models. First is a “successful struc-
tured jet” with properties similar to those inferred in SGRBs
but viewed at an angle O, =~ 20° —30° off-axis (Lamb &
Kobayashi 2017; Lazzati et al. 2018; Margutti et al. 2018;
Xie et al. 2018). Successful structured jets consist of an
initially highly relativistic, collimated core surrounded by
wings of mildly relativistic material at larger angles (e.g.
Rossietal. 2002; Kumar & Granot 2003); they are also some-
times called “successful jets with cocoons" in the literature
(e.g. Nakar & Piran 2018). The alternative is that no suc-
cessful jet was produced and the emission is quasi-isotropic.
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Table 1. New Observations of GW170817

Observatory UT Date At Mean Freq. Freq. Range/ Exp. Time  Flux Density = Image RMS

(UT) (days) (Hz) Filter (hr) (Wy) (Wy)
VLA 2018 Mar22 21691 3.0x10° 2-4GHz 0.6 69+15 10
VLA 2018 Mar22 21688 6.0x10°  4-8GHz 0.7 39+9 6
VLA 2018 Mar22  216.85 10.0x10° 8-12GHz 0.7 2847 5
VLA 2018 Mar22  216.80 15.0x10° 12-18 GHz 1.8 2145 4
VLA 2018 May 1 25676 3.0x10°  2-4 GHz 0.7 55412 9
VLA 2018 May 17 272.67 3.0x10°  2-4GHz 1.3 44411 8
VLA 2018 May 17 27261 6.0 x 10° 4—8GHz 1.3 36+£7 5
VLA 2018 Jun2  288.61 3.0x10° 2-4GHz 1.3 46411 8
VLA 2018 Jun2 28855 6.0x10°  4-8GHz 1.3 3547 5

HST 2018 Mar 23 218.37 5.07 x 10" F606W 0.58 <0.070¢ 0.023
Chandra 2018 May 3-5 259.99 2.4x10"7 0.3-10keV 27.2 1.227033 x 107 -

4 Corrected for Galactic extinction.

In this case, either a choked jet deposits all of its energy
into a mildly relativistic cocoon that dominates the emission
(referred to as a “pure cocoon” model in this Letter; Kasli-
wal et al. 2017; Gottlieb et al. 2018; Mooley et al. 2018a)
or the emission arises from the fastest component of the dy-
namical ejecta expelled during the merger (Hotokezaka et al.
2018; Mooley et al. 2018a). We note that independent of
the radio/X-ray data, a recent joint analysis of the Laser In-
terferometer Gravitational-Wave Observatory (LIGO)/Virgo
gravitational wave data and the electromagnetic observations
indicates that the inclination angle of the binary is 321’{2 deg
(Finstad et al. 2018), in agreement with the viewing angle
inferred from the successful structured jet model. Recently
reported very long baseline interferometry (VLBI) observa-
tions of GW 170817 also support the existence of a successful
jet with a viewing angle of 20° £ 5° (Mooley et al. 2018b).

A possible way to distinguish the origin of the relativis-
tic ejecta is to measure the long-term behavior of the post-
peak emission (e.g., Gill & Granot 2018; Margutti et al. 2018;
Nakar & Piran 2018; Troja et al. 2018). Recently, a turnover
in the radio light curve at ~ 200 days was reported (Dobie
et al. 2018), while Chandra and XMM-Newton observations
extending to ~ 160 days have been suggestive of a flatten-
ing in the X-ray light curve (D’ Avanzo et al. 2018; Margutti
et al. 2018). Here, we report new radio, optical, and X-ray
observations at ~ 220—290 days that unambiguously show
a decline at both X-ray and radio wavelengths, as well as a
possible decline in the optical band. The declining behav-
ior is fully consistent with the predicted behavior of our suc-
cessful structured jet models (Margutti et al. 2018; Xie et al.
2018). Uncertainties are 1o confidence intervals unless oth-
erwise specified.

2. OBSERVATIONS

We present new radio, optical, and X-ray observations of
GW170817, and analyze those jointly with all previous ob-

servations from our work and from the literature (Alexander
et al. 2017; Haggard et al. 2017; Margutti et al. 2017, 2018;
D’ Avanzo et al. 2018; Dobie et al. 2018; Lyman et al. 2018;
Mooley et al. 2018a).

2.1. VLA Observations

We observed GW 170817 with the VLA on 2018 March 22
UT in the A configuration, with nearly continuous frequency
coverage at 2— 18 GHz (apart from small gaps introduced
by radio frequency interference (RFI) and correlator setup),
on May 1 UT at 2—4 GHz, and on May 17 UT and June 2
UT at 2—8 GHz. We analyzed the data with CASA (Mc-
Mullin et al. 2007) using 3C286 as the bandpass calibrator
and J1258 2219 as the phase calibrator. We imaged the data
using standard CASA routines, using a bandwidth of 2, 4, or
6 GHz for each image, and determined the flux density by fit-
ting a point source model using the imt ool program within
the pwkit package (Williams et al. 2017). Our March 22
3 GHz observation was impacted by unusually strong RFI,
resulting in elevated noise in the image produced after our
initial data reduction. We therefore reprocessed the data us-
ing a thorough independent manual flagging procedure. The
final flux density values are provided in Table 1.

We also measure the flux density of the
compact  background source at (R.A., decl.)
= 13"9m535.911,-23°21'34".49 (J2000) noted by Do-
bie et al. (2018) and find that it remains constant in
comparison to our previous observations of this field. For
the new data presented here, we obtain F, =599+ 5 pulJy at
3 GHz, F, =370+5 pJy at 6 GHz, F, =146+ 8 pJy at 10
GHz, and F, =57+5 plJy at 15 GHz, where the first two
measurements are average values and the second two come
from our observations at 217 days.

2.2. HST Observations
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We obtained one orbit of HST observations with the Ad-
vanced Camera for Surveys (ACS) Wide Field Camera on
2018 March 23 UT using the F606W filter (PID: 15329; PI:
Berger). We analyze the data in the same manner as our 2018
January observation described in Margutti et al. (2018). We
do not detect a source at the position of GW170817 and de-
termine the limiting magnitude by injecting point sources of
varying luminosities at the position of GW170817 and then
performing galaxy subtraction using GALFIT v3.0.5 (Peng
et al. 2010) to model and remove the large-scale surface
brightness profile of NGC 4993. We measure a 30 limit
of mpeoew = 27.1 mag, calibrated to the ACS/F606W AB
magnitude zeropoint provided by STScl. After correcting for
a Galactic extinction of E(B—V) = 0.105 mag (Schlafly &
Finkbeiner 2011), this corresponds to mpeosw 2 26.8 mag.
Relative to our detection in 2018 January with mpgoew =
26.60 £ 0.25 mag (Margutti et al. 2018), and the 2017 De-
cember detection from Lyman et al. (2018) with mpgew =
26.44 +0.14 mag, the new limit is indicative of declining or
flat optical brightness.

We also subtracted the 2018 January and March images us-
ing the HOTPANTS package (Becker 2015). After perform-
ing forced aperture photometry at the position of GW 170817,
the residual flux in the subtracted image does not differ sig-
nificantly from zero. This is consistent with the March upper
limit derived above and does not preclude a fading source,
but a definitive decline in the optical brightness relative to
the January detection cannot be claimed.

2.3. Chandra Observations

The Chandra X-ray Observatory (CXO) started observing
GW170817 on 2018 May 03, starting at 10:41:26 UT (¢ ~
259 days after merger) for a total exposure time of 50.8 ks (PI
Wilkes; program 19408644; observation ID 21080). Chan-
dra Advanced CCD Imaging Spectrometer (ACIS)-S data
were reduced with the CIAO software package (v4.9) and
relative calibration files, applying standard ACIS data filter-
ing. An X-ray source is clearly detected with wavdetect
at the location of GW170817 with significance of 13.8 ¢ and
count-rate (7.75 4 1.28) x 10™*cs™! in the 0.5-8 keV energy
band. A second Chandra observation was acquired on 2018
May 05, 01:25:30 UT (ID 21090, exposure time of 46.0 ks).
GW170817 is detected with confidence of 14.75¢0 and 0.5-8
keV count-rate of (8.3141.37) x 10~*cs7!.

For each observation we extract a spectrum using a source
region of 1.5” and a background region of 22”. We employ
Cash statistics and fit the joint spectrum with Xspec with an
absorbed power-law model with index I and Galactic neu-
tral hydrogen column density NH,,,, = 0.0784 x 10?>cm™
(Kalberla et al. 2005). Using Markov chain Monte Carlo
(MCMC) sampling to constrain the spectral parameters we
find I' = 1.51703 and no statistical evidence for intrinsic
neutral hydrogen absorption (NHj, < 1.2 x 10?2cm™ at 3¢
c.l.). For these parameters, the 0.3—-10 keV flux is (11.3—

10* . ;
3GHzx 6
— 6 GHz
103 optical x 200 |
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10° 10! 10 103
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Figure 1. Up-to-date X-ray, optical, and radio light curves of
GW170817 (solid circles; open circles are the new data presented
in Dobie et al. 2018). The data are clearly indicative of a decline at
2200 days. Also shown are our structured jet models from Margutti
et al. (2018); see Xie et al. (2018) for full details of the simulations.
Both jets have an ultra-relativistic core with Ex jso = 6 X 10*? erg
within an opening angle 6, = 9°. The solid lines are for a model
with 7= 107 em™, Oops = 17°, €. = 0.1, and €z = 0.0005, while
the dashed lines are for n = 107* cm™ , Oops = 20°, €. = 0.02, and
e =0.001. Our new radio, optical, and X-ray observations continue
to support these models.

15.6) x 107 ergs™'em™ (1o c.l.), and the unabsorbed flux
is (12.3-16.9) x 107 ergs~'cm™. Finally, we investigate
the presence of temporal variability on short timescales and
conclude that there is no evidence for statistically significant
temporal variability on timescales > 1 ks.

3. RESULTS AND COMPARISON TO MODELS

The X-ray, optical, and 3 and 6 GHz radio light curves are
shown in Figure |, together with our successful structured
jet models previously presented in Margutti et al. (2018) and
Xie et al. (2018). Both radio light curves show clear evi-
dence of a decline at 2 200 days; the 3 GHz flux density
at 289 days is about a factor of 3 times fainter than its peak
brightness at 163 days. To quantify the significance of this
turnover, we scale all radio data from Table | and previous
results (Alexander et al. 2017; Hallinan et al. 2017; Dobie
et al. 2018; Margutti et al. 2018; Mooley et al. 2018a) to
a common frequency of 5.5 GHz using a spectral index of
B =-0.585 (Margutti et al. 2018) and fit the resulting light
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curve with a smoothed broken power law

L\ 1 /7™ /s
FM®)=F, [2 <lb> +§ (%) } ) (1)

where o and a, are the temporal indices before and after
the break time, #,, respectively, F,, j, is the flux density at the
time of the break, and s defines the sharpness of the transi-
tion. We additionally model possible calibration differences
between observations taken at different facilities and reduced
by different groups as an extra fractional uncertainty, f, on
all data points'. We use emcee (Foreman-Mackey et al.
2013) to perform a MCMC analysis to determine the pos-
teriors of the model parameters. We use a logarithmic flat
prior on s (—1.5 < logs < 1.5) because by definition s must
be positive and the data do not provide any constraints once
s becomes sufficiently large (corresponding to a sharp break
that occurs over a time interval much smaller than our sam-
pling time). We use flat linear priors on all other parameters:
10 <1, <1000 days, 1 < F,, , <1000 ply, =20 < o, o < 20,
and 0 < f< 1.

We find o = 0.86f8:82 and an =—1.6f8:%, with t, = 15077
days, indicative of a clear transition from a rising to a declin-
ing light curve; see Figure 2. We can reject a non-declining
light curve (i.e., ap > 0) at 70 confidence level. These re-
sults are consistent” with the analysis of Dobie et al. (2018),
but provide a much stronger indication of a break due to the
longer time baseline of our observations. Both successful
structured jet models and pure cocoon models are consistent
with the observed «;. Unlike the simplest analytic models,
which predict ap ~—2.2 (Sari et al. 1999; Nakar & Piran
2018), the Xie et al. (2018) successful structured jet simu-
lations predict a shallower initial post-peak decline (Figure
1). Therefore, our derived o, does not strongly discriminate
between successful structured jet and pure cocoon or dynam-
ical ejecta models, although the latter are mildly disfavored
(Lamb et al. 2018). Of the two Xie et al. (2018) models
shown in Figure 1, our most recent data at 273 days and 289
days mildly favor the dashed model, which in comparison to
the solid model implies a higher circumbinary density of 107
cm™3, a lower fraction of the shock energy imparted to elec-
trons (¢, = 0.02), and an observer viewing angle of 20°. The
model light curves diverge more at later times, so future ob-
servations will allow us to place tighter constraints on these
parameters. We note that the data require f=0.09£0.03,
which is broadly consistent with the combination of the cali-
bration uncertainties reported by Dobie et al. (2018) and the

I We use this statistically robust approach instead of assuming a fixed
fractional uncertainty of 3—5% at each frequency as done by Dobie et al.
(2018).

2 We repeat our MCMC analysis for the subset of radio data presented in
Dobie et al. (2018), with a1, o, t, F, p, s, and f as free parameters, and
find that 7, and o, are more loosely constrained: 7, = 190 & 30 days and
ap = —6f§. A value of ap > 0 can be ruled out at 3.00 confidence level.

known typical flux density calibration accuracy of radio ob-
servations at the VLA (5%).

The new X-ray data independently support the evidence for
temporally decaying emission from GW170817. Comparing
to the previous epoch of Chandra observations at ~ 160 days,
and applying a simple binomial test, we find a probability of
P ~ 2 x 107° that the observed decrease in count-rate arises
from a random statistical fluctuation. We can thus reject the
hypothesis of a random fluctuation with ~ 4.8¢ confidence,
and conclude that these Chandra observations provide the
first statistically significant evidence for fading X-ray emis-
sion from GW170817.°

Notably, the X-ray spectral index 3, = 1-I'=-0.51"335 is
consistent with previously reported values (e.g., 5y =—0.61+
0.17 at ~ 160 days; Haggard et al. 2017; Margutti et al. 2017,
2018; Troja et al. 2017, 2018; Ruan et al. 2018). We observe
no evidence for a steepening of the X-ray spectral index from
Br to By +0.5, predicted when the synchrotron cooling fre-
quency passes below the X-ray band (Granot & Sari 2002).
This behavior is consistent with our successful structured jet
models, which predict that the cooling frequency will remain
above the X-ray band until > 10* days (Margutti et al. 2018),
but rules out some dynamical ejecta models, which predict an
earlier passage of the cooling break (e.g., Hotokezaka et al.
2018; Nakar & Piran 2018). The radio-to-X-ray spectral in-
dex is fxr =—0.583 £0.013 at ¢ ~ 260 days, confirming
that the radio and X-ray bands still lie on the same spec-
tral segment. This is fully consistent with the radio-to-X-ray
spectral index of Bxg =—0.584 £ 0.006 reported at t ~ 160
days (Margutti et al. 2018), indicating no spectral evolution
across the peak. The radio-only spectral index at 217 days
is Bg =—0.74 £0.20, consistent with this value. Finally, our
HST observations are also consistent with the observed X-ray
and radio decline.

4. SUMMARY

We present new X-ray, optical, and radio observations
of GW170817 at ~ 220—-290 days. Our new broadband
measurements show that the synchrotron emission from
GW170817 has passed its peak brightness and has begun to
decline. We find that the data continue to be well described
by a single power law extending over ~ 10° - 10'® Hz, with
no sign of the spectral index change in the X-rays that would
signify the passage of the synchrotron cooling break. We find
clear evidence (Z 50) for a turnover in the radio and X-ray
light curves, and full agreement with the predicted evolution
of our previously published successful structured jet models
(Margutti et al. 2018; Xie et al. 2018). The steep decline
rate seen in our new radio and X-ray data is characteristic of

3 Repeating our MCMC analysis for the X-ray light curve alone, we find
that the X-ray emission is consistent with a smoothed broken power law with
ap < 0at4.do.



LATE-TIME BEHAVIOR OF GW 170817 5

t = 149. 70;2;23 '

T
L

F,, =78.7773%

a; = 0.8610 %
T T T T

ay

- +0.23
ay = —1.557 5%
T . T

az

+0.28

logs = 1.107 33

logs

£=0.09%

? 9, 9, Q
% Yo % ~o

o

%
%
s
)

Figure 2. Posterior distributions from our MCMC analysis of the radio data. Contours are 1, 2, and 30. The data clearly prefer a sharp break,
but cannot discriminate between values of s 2 10 because this corresponds to a break much sharper than our sampling time.

all published successful structured jet models (Lazzati et al.
2018; Xie et al. 2018), and mildly disfavors some dynamical
ejecta and pure cocoon models (e.g., Hotokezaka et al. 2018;
Nakar & Piran 2018; Troja et al. 2018). Continued observa-
tions will allow us to better constrain the post-peak decline
rate, providing further insights into the ejecta structure. If the
emission continues to decay as predicted by the successful
structured jet models, GW170817 should remain detectable
with current radio and X-ray facilities until ~ 1000 days post-
merger.

We would like to thank the referee for helpful com-
ments that improved this manuscript. The Berger Time-
Domain Group at Harvard is supported in part by the NSF
through grant AST-1714498, and by NASA through grants
NNXI15AES50G and NNX16AC22G. This work is partially
based on observations acquired by the Chandra X-ray Ob-
servatory. The Chandra X-ray Observatory Center is oper-
ated by the Smithsonian Astrophysical Observatory for and
on behalf of the National Aeronautics Space Administration
under contract NAS8-03060. W. F. acknowledges support
from Program number HST-HF2-51390.001-A, provided by
NASA through a grant from the Space Telescope Science In-



6 ALEXANDER ET AL.

stitute, which is operated by the Association of Universities
for Research in Astronomy, Incorporated, under NASA con-
tract NAS5-26555. B. D. M. is supported in part by NASA
ATP grant NNX16AB30G. The National Radio Astronomy
Observatory is a facility of the National Science Foundation

operated under cooperative agreement by Associated Univer-
sities, Inc.

Facilities: VLA, HST, CXO
Software: CASA, emcee, Numpy, pwkit

REFERENCES

Abbott, B. P., Abbott, R., Abbott, T. D., et al. 2017a, ApJL, 848, .13

—. 2017b, Physical Review Letters, 119, 161101

—. 2017c, ApJL, 848, L12

Alexander, K. D., Berger, E., Fong, W., et al. 2017, ApJL, 848, .21

Becker, A. 2015, HOTPANTS: High Order Transform of PSF ANd
Template Subtraction, Astrophysics Source Code Library,
ascl:1504.004

Berger, E. 2014, ARA&A, 52,43

D’Avanzo, P, Campana, S., Salafia, O. S., et al. 2018, A&A, 613, L1

Dobie, D., Kaplan, D. L., Murphy, T., et al. 2018, ApJL, 858, L15

Finstad, D., De, S., Brown, D. A., Berger, E., & Biwer, C. M. 2018, ApJL,
860, L2

Fong, W., Berger, E., Margutti, R., & Zauderer, B. A. 2015, ApJ, 815, 102

Fong, W., Berger, E., Blanchard, P. K., et al. 2017, ApJL, 848, .23

Foreman-Mackey, D., Hogg, D. W., Lang, D., & Goodman, J. 2013, PASP,
125, 306

Gill, R., & Granot, J. 2018, MNRAS, 478, 4128

Gottlieb, O., Nakar, E., Piran, T., & Hotokezaka, K. 2018, MNRAS, 479,
588

Granot, J., Guetta, D., & Gill, R. 2017, ApJL, 850, .24

Granot, J., & Sari, R. 2002, ApJ, 568, 820

Haggard, D., Nynka, M., Ruan, J. J., et al. 2017, ApJL, 848, .25

Hallinan, G., Corsi, A., Mooley, K. P, et al. 2017, Science, 358, 1579

Hotokezaka, K., Kiuchi, K., Shibata, M., Nakar, E., & Piran, T. 2018,
ArXiv e-prints, arXiv:1803.00599 [astro-ph.HE]

Kalberla, P. M. W., Burton, W. B., Hartmann, D., et al. 2005, A&A, 440,
775

Kasliwal, M. M., Nakar, E., Singer, L. P, et al. 2017, Science, 358, 1559

Kathirgamaraju, A., Barniol Duran, R., & Giannios, D. 2018, MNRAS,
473, L121

Kim, S., Schulze, S., Resmi, L., et al. 2017, ApJL, 850, .21

Kumar, P., & Granot, J. 2003, ApJ. 591, 1075

Lamb, G. P,, & Kobayashi, S. 2017, MNRAS, 472, 4953

Lamb, G. P,, Mandel, I., & Resmi, L. 2018, ArXiv e-prints,
arXiv:1806.03843 [astro-ph.HE]

Lazzati, D., Perna, R., Morsony, B. J., et al. 2018, Physical Review Letters,
120, 241103

Lyman, J. D., Lamb, G. P,, Levan, A. J., et al. 2018, Nature Astronomy,
arXiv:1801.02669 [astro-ph.HE]

Margutti, R., Berger, E., Fong, W., et al. 2017, ApJL, 848, .20

Margutti, R., Alexander, K. D., Xie, X., et al. 2018, ApJL, 856, LL18

McMullin, J. P, Waters, B., Schiebel, D., Young, W., & Golap, K. 2007, in
Astronomical Society of the Pacific Conference Series, Vol. 376,
Astronomical Data Analysis Software and Systems X VI, ed. R. A. Shaw,
F Hill, & D. J. Bell, 127

Mooley, K. P., Nakar, E., Hotokezaka, K., et al. 2018a, Nature, 554, 207

Mooley, K. P, Deller, A. T., Gottlieb, O., et al. 2018b, ArXiv e-prints,
arXiv:1806.09693 [astro-ph.HE]

Murguia-Berthier, A., Ramirez-Ruiz, E., Kilpatrick, C. D., et al. 2017,
AplJL, 848, L34

Nakar, E., & Piran, T. 2018, MNRAS, 478, 407

Peng, C. Y., Ho, L. C., Impey, C. D., & Rix, H.-W. 2010, AJ, 139, 2097

Pooley, D., Kumar, P, Wheeler, J. C., & Grossan, B. 2018, ApJL, 859, .23

Resmi, L., Schulze, S., Ishwara Chandra, C. H., et al. 2018, ArXiv e-prints,
arXiv:1803.02768 [astro-ph.HE]

Rossi, E., Lazzati, D., & Rees, M. J. 2002, MNRAS, 332, 945

Ruan, J. J., Nynka, M., Haggard, D., Kalogera, V., & Evans, P. 2018, ApJL,
853,14

Sari, R., Piran, T., & Halpern, J. P. 1999, ApJL, 519, LL17

Schlafly, E. E.,, & Finkbeiner, D. P. 2011, ApJ, 737, 103

Troja, E., Piro, L., van Eerten, H., et al. 2017, Nature, 551, 71

Troja, E., Piro, L., Ryan, G., et al. 2018, MNRAS, arXiv:1801.06516
[astro-ph.HE]

Williams, P. K. G., Clavel, M., Newton, E., & Ryzhkov, D. 2017, pwkit:
Astronomical utilities in Python, Astrophysics Source Code Library,
ascl:1704.001

Xie, X., Zrake, J., & MacFadyen, A. 2018, ArXiv e-prints,
arXiv:1804.09345 [astro-ph.HE]


http://dx.doi.org/10.3847/2041-8213/aa920c
http://dx.doi.org/10.1103/PhysRevLett.119.161101
http://dx.doi.org/10.3847/2041-8213/aa91c9
http://dx.doi.org/10.3847/2041-8213/aa905d
http://arxiv.org/abs/1504.004
http://dx.doi.org/10.1146/annurev-astro-081913-035926
http://dx.doi.org/10.1051/0004-6361/201832664
http://dx.doi.org/10.3847/2041-8213/aac105
http://dx.doi.org/10.3847/2041-8213/aac6c1
http://dx.doi.org/10.3847/2041-8213/aac6c1
http://dx.doi.org/10.1088/0004-637X/815/2/102
http://dx.doi.org/10.3847/2041-8213/aa9018
http://dx.doi.org/10.1086/670067
http://dx.doi.org/10.1086/670067
http://dx.doi.org/10.1093/mnras/sty1214
http://dx.doi.org/10.1093/mnras/sty1462
http://dx.doi.org/10.1093/mnras/sty1462
http://dx.doi.org/10.3847/2041-8213/aa991d
http://dx.doi.org/10.1086/338966
http://dx.doi.org/10.3847/2041-8213/aa8ede
http://dx.doi.org/10.1126/science.aap9855
http://arxiv.org/abs/1803.00599
http://dx.doi.org/10.1051/0004-6361:20041864
http://dx.doi.org/10.1051/0004-6361:20041864
http://dx.doi.org/10.1126/science.aap9455
http://dx.doi.org/10.1093/mnrasl/slx175
http://dx.doi.org/10.1093/mnrasl/slx175
http://dx.doi.org/10.3847/2041-8213/aa970b
http://dx.doi.org/10.1086/375186
http://dx.doi.org/10.1093/mnras/stx2345
http://arxiv.org/abs/1806.03843
http://dx.doi.org/10.1103/PhysRevLett.120.241103
http://dx.doi.org/10.1103/PhysRevLett.120.241103
http://dx.doi.org/10.1038/s41550-018-0511-3
http://arxiv.org/abs/1801.02669
http://dx.doi.org/10.3847/2041-8213/aa9057
http://dx.doi.org/10.3847/2041-8213/aab2ad
http://adsabs.harvard.edu/abs/2007ASPC..376..127M
http://adsabs.harvard.edu/abs/2007ASPC..376..127M
http://adsabs.harvard.edu/abs/2007ASPC..376..127M
http://adsabs.harvard.edu/abs/2007ASPC..376..127M
http://dx.doi.org/10.1038/nature25452
http://arxiv.org/abs/1806.09693
http://dx.doi.org/10.3847/2041-8213/aa91b3
http://dx.doi.org/10.1093/mnras/sty952
http://dx.doi.org/10.1088/0004-6256/139/6/2097
http://dx.doi.org/10.3847/2041-8213/aac3d6
http://arxiv.org/abs/1803.02768
http://dx.doi.org/10.1046/j.1365-8711.2002.05363.x
http://dx.doi.org/10.3847/2041-8213/aaa4f3
http://dx.doi.org/10.3847/2041-8213/aaa4f3
http://dx.doi.org/10.1086/312109
http://dx.doi.org/10.1088/0004-637X/737/2/103
http://dx.doi.org/10.1038/nature24290
http://dx.doi.org/10.1093/mnrasl/sly061
http://arxiv.org/abs/1801.06516
http://arxiv.org/abs/1801.06516
http://arxiv.org/abs/1704.001
http://arxiv.org/abs/1804.09345

