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ABSTRACT

We present late-time radio observations of GW170817, the first binary neutron star merger discovered
through gravitational waves by the advanced LIGO and Virgo detectors. Our observations, carried out with
the Karl G. Jansky Very Large Array, were optimized to detect polarized radio emission, and thus to constrain
the linear polarization fraction of GW170817. At an epoch of ~ 244 days after the merger, we rule out lin-
early polarized emission above a fraction of = 12% at a frequency of 2.8 GHz (99% confidence). Within the
structured jet scenario (a.k.a. successful jet plus cocoon system) for GW 170817, the derived upper-limit on the
radio continuum linear polarization fraction strongly constrains the magnetic field configuration in the shocked
ejecta. We show that our results for GW 170817 are compatible with the low level of linear polarization found
in afterglows of cosmological long gamma-ray bursts. Finally, we discuss our findings in the context of fu-
ture expectations for the study of radio counterparts of binary neutron star mergers identified by ground-based

gravitational-wave detectors.

Subject headings: gravitational waves — polarization — stars: neutron

1. INTRODUCTION

On August 17" 2017, the field of gravitational-wave (GW)
astronomy reached the big leagues with a dazzling discovery.
Only ~ 8d before the official end of their second observing
run (O2), advanced LIGO and Virgo obtained their first direct
detection of GWs from a binary neutron-star (NS) merger, an
event dubbed GW 170817 (Abbott et al.|2017al).

After the GW discovery, GW170817 gifted the astronom-
ical community with an electromagnetic (EM) counterpart
spanning all bands of the spectrum (e.g., Abbott et al.|2017b,
and references therein). Only =~ 2s after the GW170817
merger, a short y-ray burst (GRB) was detected by the Fermi
and Integral satellites (Abbott et al.[[2017c} (Goldstein et al.
2017 |Savchenko et al.||2017). The discovery of y-rays from
GW170817 was followed by the detection of a UV/optical/IR
counterpart in NGC 4993, a lenticular galaxy located at =
40Mpc (Coulter et al.|[2017), resulting in the nearest short
GRB with a measured redshift (e.g., [Fong et al.|2017)). While
it had long been thought that short GRBs are NS-NS merg-
ers launching relativistic jets pointed directly at us, the close
distance of GW 170817 implied that its y-ray counterpart was
~ 10% — 10*x less energetic than the previously known popu-
lation of short GRBs (Fong et al.|2017;|Goldstein et al.|2017).
This formed the first piece of an intriguing puzzle.

! Department of Physics and Astronomy, Texas Tech University, Box
1051, Lubbock, TX 79409-1051, USA; e-mail: alessandra.corsi @ttu.edu

2 Caltech, 1200 E. California Blvd. MC 249-17, Pasadena, CA 91125,
USA

3 Department of Physics, Oregon State University, 301 Weniger Hall,
Corvallis, OR, 97331, USA

4 National Radio Astronomy Observatory (NRAO), P.O. Box O, So-
corro, New Mexico 87801, USA

5 Jansky Fellow (NRAO, Caltech)

6 National Radio Astronomy Observatory 520 Edgemont Road Char-
lottesville, VA 22903, USA

7 Department of Physics, University of Wisconsin - Milwaukee, Mil-
waukee, Wisconsin 53201, USA

8 Sydney Institute for Astronomy, School of Physics, University of Syd-
ney, Sydney, New South Wales 2006, Australia

° Department Astrophysical Sciences, Princeton University, Peyton
Hall, Princeton, NJ 08544, USA

The early UV/optical/IR emission from GW170817 was
rather different from the non-thermal optical afterglows of
short GRBs, and soon recognized to be dominated by a “kilo-
nova”, a quasi-thermal transient powered by the radioactive
decay of r-process nuclei (e.g., |Arcavi et al.|2017; |(Chornock
et al.|2017; |(Cowperthwaite et al.|2017; Drout et al. [2017;
Evans et al.|[2017; Kasliwal et al.|[2017; |[Kasen et al./|2017;
Kilpatrick et al.[2017; |Pian et al.|[2017} Shappee et al.|[2017}
Smartt et al. 2017} Tanvir et al.2017; Valenti et al. 2017)). This
kilonova detection solved a decades-old mystery of where
most of the elements heavier than iron are synthesized (for a
recent review, see e.g.,|Metzger|2017, and references therein).

About 10 days after the GW discovery of GW170817, an
X-ray counterpart was detected by the Chandra satellite (Hag-
gard et al.2017; [Margutti et al.[[2017; [Troja et al.[2017). A
delayed radio afterglow was unveiled by the Karl G. Jansky
Very Large Array (VLA) about two weeks after the merger
(Hallinan, Corsi et al.|[2017)), and subsequently confirmed
by the Australia Telescope Compact Array (ATCA). Radio
and X-ray observations of GW170817 probe a completely
different emission mechanism than the kilonova observed at
optical-IR wavelengths, namely, non-thermal radiation from
the fastest ejecta. Continued VLA and ATCA monitoring
over the first ~ 100d since the merger revealed a steady in-
crease of the optically-thin synchrotron radio emission, fol-
lowed by a turnover (f > 150d since merger; /Alexander et al.
2017, 2018} Margutti et al.|2018; Mooley et al.[2018; [Dobie
et al[2018). Together with the weak y-rays, these observa-
tions clearly set GW 170817 apart from the previously known
population of short GRBs with fast-fading afterglows (Fong
et al.|2017). The relatively slow temporal rise of the radio flux
(Hallinan, Corsi et al.|[2017; |Mooley et al.|2018; [Dobie et al.
2018), in particular, has ruled out the simplest scenario re-
lating GW170817 radio counterpart to synchrotron emission
from a uniform (“top-hat”) jet shocking the ISM (Margutti
et al.|2017; Troja et al.|2017), as usually invoked to explain
cosmological GRB afterglows (e.g.,[Sari [ 1999).

Broadly speaking, two main scenarios have been proposed
to explain GW 170817 non-thermal emission: (i) A successful
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TABLE 1
SENSITIVITY REACHED IN OUR VLA POLARIZATION OBSERVATIONS OF GW170817.

UTC Epoch AT o v Stokes Q rms  Stokes U rms
(days since 2017 Aug 17.528 UTC) (hr) (GHz)  (uJy/beam) (uJy/beam)
2018 Mar 02.321 197 1.5 3.0 4.5 4.5
2018 Mar 25.344 220 35 2.8 33 33
2018 Mar 26.310 221 35 2.8 34 34
2018 May 11.167 267 35 2.8 35 34
2018 May 12.168 268 35 2.8 34 34
2018 Mar 25 - May 12 244 +24 35x4 2.8 1.7 1.7

structured jet (a.k.a. successful jet - cocoon system) com-
posed of an outflow with a narrow, highly relativistic core
(similar to cosmological GRB jets) initially directed away
from our line of sight (off-axis), plus slower-moving wings
(e.g., [Lazzati et al.|2017alblc; [Margutti et al.|2018)); (ii) A
choked-jet scenario where the jet is unable to break out of the
neutron-rich dynamical ejecta, and the bulk of the energy is
imparted to a radially stratified and quasi-spherical (or wide-
angle) mildly relativistic cocoon (Kasliwal et al.|2017; |Got-
tlieb et al.| 2018} [Nakar & Piran|2017; Mooley et al.[[2018]
Nakar & Piran|2018). We note that a dynamical ejecta model
where radio emission arises from the fast tail of the dynami-
cal merger ejecta has also been proposed (e.g., Hotokezaka et
al. [2018)), but is somewhat unlikely given the sharp peak and
fast decline of the radio light curve (e.g., Dobie et al.|[2018]
Alexander et al.|[2018)). Thus, in what follows, we will not
discuss this third scenario further.

While scenarios (i) and (ii) above imply very different ge-
ometries for the outflow, there are sufficient free model pa-
rameters that it has not been possible to distinguish them
based on the fotal radio intensity alone (e.g., Margutti et al.
2018). Fortunately, detecting a polarized radio signal from
GW170817 can provide a useful discriminant. Indeed, the
presence of a large degree (= 20%) of linear polarization in
the radio continuum would be a “smoking gun” for a high de-
gree of asymmetry, and hence favor the jet scenario (i) (e.g.,
Rossi et al.[2004;|Gill & Granot|2018;|Nakar et al.|2018}; |Laz-
zati et al|2017c). In the absence of substantial linearly polar-
ized emission, even though scenario (i) cannot be ruled out,
strong constraints can be set on the structure of the post-shock
magnetic field (e.g., (Ghisellini & Lazzati |[1999; |Sari |{1999;
Rossi et al.|[2004; (G1ll & Granot|[2018; [Nakar et al.[|[2018)).

Motivated by the above considerations, here we present po-
larization observations of GW 170817 radio counterpart. Our
upper limit rules out strong linearly polarized GHz emis-
sion and, within the structured jet scenario, sets stringent
constraints on the structure of the magnetic field within the
shocked ejecta. Our paper is organized as follows. In Section
we describe our observations and data reduction; in Sec-
tion [3] we discuss our results; in Section 4] we summarize and
conclude.

2. RADIO OBSERVATIONS AND DATA REDUCTION

We observed the field of GW170817 with the Karl G. Jan-
sky Very Large Array (VLA) in its most extended (A) config-
uration on multiple epochs between 2018 March 02.321 UTC
and 2018 May 12.168 UTC (via projects VLA/17B-397 - PI:
Mooley; and VLA/18A-457 - PI: Corsi). These observations
were carried out in S-band, at a nominal central frequency of
~ 3 GHz, and with a nominal 2 GHz bandwidth. We included
bandpass, flux density, and polarization position angle cali-

bration scans on 3C286. The unpolarized source J1407+2827
was observed to calibrate for polarization leakage. During all
epochs, J1248—-1959 was used as our phase calibrator.

The VLA data were first calibrated using the VLA auto-
mated calibration pipeline available in CASA, which is de-
signed for Stokes I continuum calibration. Because our phase
calibrator J1248—1959 is marginally resolved at the longest
baselines of the VLA in its A configuration, we restricted the
UV-range for this calibrator to < 200k in all gain calibrator
calls within the automated calibration pipeline. After the au-
tomated calibration, we set the polarization model for our po-
larized calibrator 3C286 (11.2% fractional polarization, and
polarization angle of 33 deg; [Perley & Butler2013)). Then,
polarization calibration steps were carried out using the auto-
mated pipeline calibration tables for pre-calibration. Specif-
ically, we first solved for the cross-hand (RL, LR) delays
due to the residual delay difference on the reference antenna
used for the original delay calibration. Then, we solved for
the instrumental polarization (the frequency-dependent leak-
age terms, also referred to as “D-terms”) using the unpolar-
ized source J1407+2827. For all our observations, we found
leakages < 15% for most antennas and spectral windows.
Having calibrated the instrumental polarization, we carried
out a frequency-dependent position angle calibration using
the source 3C286. We found that the residual R-L phase on
the reference antenna (after taking out the cross-hand delays)
spanned about 10 — 15 deg across most spectral windows.

After calibrating and visually inspecting the data for any
further flagging, we run the CLEAN algorithm (Hogbom
1974)) in interactive mode to image the fully calibrated Stokes
IQUYV, and derive single-epoch sensitivities. In the cleaning
process, we used a natural weighting of the visibilities so as
to maximize the map point source sensitivity. We applied the
same source mask to all polarizations, and used a pixel of size
0.2"(so as to oversample the synthesized beam, which was of
~ 0.85” x 1.5” in our observations). A summary of our re-
sults is reported in Table[I] For each observation, we give the
central UTC, the epoch in days since GW 170817 merger time
(2017 Aug 17.528 UTC ), the total duration of the observa-
tion (including calibration), the central observing frequency,
and the rms sensitivity reached in Stokes Q, U (we do not dis-
cuss Stokes V here, i.e. circular polarization, since no emis-
sion is expected or seen in this polarization state). In Table
[T]we also report the sensitivity reached by co-adding our last
four observations (which have comparable rms), and imaging
the resulting dataset following the same procedure described
above for the single epochs. The rms sensitivity reached in
Stokes Q and U after co-adding is = 1.7 uJy/beam.

Using a circular region centered on the position of
GW170817 (@ = 13"09™48°.071 and § = —23°22'53.37",
J2000; e.g., Hallinan, Corsi et al.|2017; [Kasliwal et al.|2017)
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Fig. 1.— TOP: Stokes Q intensity map of the co-added observations of the
GW170817 field carried out in S-band between March 25 and May 12 (see
Table 1). Stokes I contours of GW 170817 radio counterpart are also shown
(white; 20%, 40%, 60%, and 80% relative emission contours). GW170817
radio counterpart is located at @ = 1309™488.071, § = —23°22/53.37"
(J2000; e.g., [Hallinan, Corsi et al.|2017; |[Kasliwal et al.[2017). The Stokes I
intensity contours of the host galaxy of GW 170817 are also overlaid (bottom-
right portion of the panel). The FWHM synthesized beam ellipse is shown
in magenta. BOTTOM: Same as the top panel, but for the Stokes U intensity
map.

and of area comparable to that of the FWHM synthesized
beam, we calculate the peak brightness measured in Stokes
Q and Stokes U at the various epochs, and in the co-added
dataset. In all cases we find that the measured Stokes Q and U
peak brigtness at the GW170817 location is below < 3 X oqu
where oy is the map rms. Thus, all our polarization obser-
vations yielded non-detections in Stokes Q and U.

3. RESULTS AND DISCUSSION

In our March 02 UTC observation, which had the shortest
duration (Table 1), we measure p = /0% + U2/oyy = 3.0
(where opyy = 4.5uly/beam; see Table 1) at 2.8 GHz. Ac-
counting for Ricean bias, we thus set a 99% confidence up-
per limit of p < 5.2 (Vaillancourt |2006). The Stokes I peak
brightness measured at this epoch is (75.9 + 6.4) uly (this in-
cludes a 5% absolute flux density calibration error), and thus
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FiG. 2.— VLA upper-limit on the linear polarization fraction Q2 + U2/I
of the GHz radio flux of GW 170817 (downward pointing triangle) compared
with different theoretical predictions for the power-law structured jet model
(PLJ; black), and for a quasi-spherical ejecta (QS; blue). These predictions
are by |Gill & Granot| (2018). For the models here plotted, b = 0 represents
the case of a magnetic field completely contained in the plane of the shock,
while b > 0 is for a magnetic field whose component in the direction of the
shock normal also contributes. See text for discussion.

the corresponding upper-limit on the linear polarization frac-

tionis IT = Q% + U?/I < 31% at ~ 197 d since merger.
From the co-added map derived using our last four obser-
vations with comparable rms sensitivity (Table 1 and Fig.
, we get p = JO*+U?/oyy =~ 1.7 (where oyy =
1.7 uJy/beam; see Table 1) at 2.8 GHz and at a mean epoch
of = 244 d since merger, which implies a 99% upper-limit on
p of p < 3.8 (Vaillancourt |2006). The Stokes I peak bright-
ness measured for GW170817 in the co-added image is of
(51.9+3.3) Jy/beam (fully consistent with the turnover trend
identified by |Dobie et al.|[2018). Thus, our most stringent
upper-limit on the linear polarization fraction of GW170817

isof IT = /02 + U?/I < 12% at ~ 244 d since merger (Fig.

As discussed in Section [T} a successful structured jet (sce-
nario (i)) and a choked jet - cocoon system (scenario (ii)) can
both explain the observed radio light curve of GW170817
(e.g., [Hallinan, Corsi et al.|2017; |[Kasliwal et al.|2017; |(Gill
& Granot 2018 |Lazzati et al.[2017c; Margutti et al.|[2018};
Mooley et al.[2018} |[Nakar & Piran|[2018)). Thus, polarization
observations have been proposed as a way to break this degen-
eracy and discriminate between scenarios (i) and (ii) (Lazzati
et al.|[2017c¢; |Gill & Granot| 2018 [Nakar et al.|2018). The
predictions for the linear polarization near the peak of the ra-
dio light curve are indeed substantially different in these two
cases. For a given magnetic field configuration, the successful
jet scenario produces a larger polarization than that expected
for a quasi-spherical outflow. However, for both outflow
structures, the predicted polarization fraction also depends
strongly on the configuration of the magnetic field (which is
usually assumed to be completely tangled in the plane of the
shock). Specifically, the degree of linear polarization is max-
imum for a magnetic field fully contained within the plane
of the shock, and decreases with an increasing magnetic field
component in the direction of the shock normal. This effect
can be parametrized by the ratio b = 2 < B, > / < By, >,
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where b = 0 is for a magnetic field fully contained in the
plane of the shock, while for » > 0 the component of the field
along the shock normal also contributes to the emission (Gill
& Granot|2018).

In Figure 2| we show the predictions by |Gill & Granot
(2018) for the linear polarization fraction of the radio contin-
uum from a successful structured jet with a power-law dis-
tribution of energy and Lorentz factors (PLJ; black lines).
Similar predictions for the case of a radially stratified quasi-
spherical (QS) ejecta are also shown (blue dotted line). These
predictions strongly depend on the value of b, but for the QS
ejecta case we only show b = 0 as larger values of b would
imply even smaller degrees of linear polarization.

As evident from Figure [2] our VLA linear polarization
fraction upper-limit (downward pointing triangle) excludes a
structured jet model with b = 0, and requires b > 0.5. We
note that analogous magnetic field configurations are inferred
comparing optical data of long duration GRBs with various
predictions for the expected optical polarization fraction. An-
alytic models of long GRBs (Ghisellini & Lazzati 1999 [Sari

1999) predict polarization values peaking at ~ 10 — 15% (as-
suming b = 0) for the most probable observing configuration
(with the observer at the edge of the jet). Optical observations,
on the other hand, have provided polarization values of long
GRBs optical afterglows clustered around a few % (Covino &
Gotz |2016)), even for bursts with multiple observations span-
ning the entire afterglow evolution (e.g.,|Greiner et al. |[2003;
Wiersema et al. |2012). Finally, we note that our upper-limit
on the radio linear polarization fraction of GW170817 can-
not constrain the QS ejecta scenario, even in the most opti-
mistic case of a magnetic field fully confined in the plane of
the shock (b = 0).

4. SUMMARY AND CONCLUSION

We have presented the first observational constraint on the
~ 3 GHz linear polarization fraction of GW170817 radio con-
tinuum. Thanks to the excellent point source sensitivity of
the VLA, we are able to unambiguously rule out the most op-
timistic predictions for the linearly polarized radio flux ex-
pected within a successful structured jet scenario. We have
also shown that, under the hypothesis that a successful struc-
tured jet did indeed form in GW170817, the magnetic field
behind the shock cannot be fully contained within the plane
of the shock. Instead, a significant component of the mag-
netic field in the direction perpendicular to the shock plane is
required to reconcile theoretical predictions with our observa-
tional upper-limit.

Even though GW170817 is a relatively nearby event (d;, =
40 Mpc), its faint radio emission (~ 10*ergs™' Hz™!' peak
spectral luminosity density at ~ 3 GHz) does not allow us to
constrain the degree of linear polarization of the radio con-
tinuum down to a level that could probe the quasi-spherical
ejecta formed in a choked jet scenario. More stringent con-
straints on this scenario may be achieved via direct VLBI
imaging of the merger ejecta.

With the advanced LIGO and Virgo detectors now sched-
uled to start their third observing run (O3;|Abbott et al.|2016),
we expect to have soon more opportunities for probing the
possible variety of radio afterglows from NS-NS (or black
hole - NS) mergers. The luminosity of the radio counter-
parts of these events will depend on several factors, including
the ISM density, the total energy in the fastest ejecta, and the
viewing geometry. If a compact binary merger with a radio
afterglow twice as bright as GW170817 were to be discov-
ered, the VLA could probe linear polarization fractions below
~ 10%. At this level, the absence of linear polarization is
likely to challenge strongly the successful structured jet hy-
pothesis (assuming an outflow geometry and viewing angle
similar to that of GW170817).

Finally, looking further into the future, when advanced
LIGO and Virgo will be reaching their nominal sensitivi-
ties and discovering NS-NS mergers up to = 120 — 190 Mpc
(Abbott et al.|2016)), detecting radio counterparts as faint as
GW170817 will require radio arrays ~ 10X more sensitive
than the VLA. In this respect, the next generation Very Large
Array (ngVLA; Murphy ||2017) may offer us a unique op-
portunity to probe the different ejecta structures via radio po-
larimetry.

The National Radio Astronomy Observatory is a facility
of the National Science Foundation operated under cooper-
ative agreement by Associated Universities, Inc. We thank
the VLA director’s office and schedsoc for approving and
promptly executing the observations presented in this study.
A.C. and D.C. acknowledge support from the National Sci-
ence Foundation (NSF) CAREER award #1455090. A.C.
thanks Drew Medlin and and Jose Salcido for helpful dis-
cussions on the VLA automated calibration pipeline, and on
polarization calibration in CASA. A.C. is grateful to Roger
Blandford for suggesting to carry out radio polarization ob-
servations of GW 170817 in the radio. D.K. was additionally
supported by NSF grant AST-1412421. D.L. acknowledges
support form the NASA ATP grant NNX17AK42G. K.P.M. is
currently a Jansky Fellow of the National Radio Astronomy
Observatory.

REFERENCES

Abbott, B. P., Abbott, R., Abbott, T. D., et al. 2016, Living Reviews in
Relativity, 19, 1

Abbott, B. P., Abbott, R., Abbott, T. D., et al. 2017a, Phys. Rev. Lett., 119,
161101

Abbott, B. P, Abbott, R., Abbott, T. D., et al. 2017b, ApJ, 848, L12

Abbott, B. P., Abbott, R., Abbott, T. D., et al. 2017c, ApJ, 848, L13

Alexander, K. D., Berger, E., Fong, W., et al. 2017, ApJ, 848, L21

Alexander, K. D., Margutti, R., Blanchard, P. K., et al. 2018, ArXiv e-prints,
arXiv:1805.02870

Arcavi, I., Hosseinzadeh, G., Howell, D. A., et al. 2017, Nature, 551, 64

Chornock, R., Berger, E., Kasen, D., et al. 2017, ApJ, 848, L19

Covino, S. and Gotz, D. A&AT, 29, 205

Coulter, D. A., Foley, R. J., Kilpatrick, C. D., et al. 2017, Science, 358, 1556

Cowperthwaite, P. S., Berger, E., Villar, V. A., et al. 2017, ApJ, 848, L17

Dobie, D., Kaplan, D. L., Murphy, T., et al. 2018, ApJ, 858, 15

Drout, M. R., Piro, A. L., Shappee, B. J., et al. 2017, Science, 358, 1570

Evans, P. A., Cenko, S. B., Kennea, J. A., et al. 2017, Science, 358, 1565

Fong, W., Berger, E., Blanchard, P. K., et al. 2017, ApJ, 848, L23

Ghisellini, G. and Lazzati, D. 1999, MNRAS, 309, L7

Gill, R., & Granot, J. 2018, ArXiv e-prints, arXiv:1803.05892

Goldstein, A., Veres, P, Burns, E., et al. 2017, ApJ, 848, L14

Gottlieb, O., Nakar, E., & Piran, T. 2018, MNRAS, 473, 576

Greiner, J. and Klose, S. and Reinsch, K., et al. 2003, Nature, 426, 157

Haggard, D., Nynka, M., Ruan, J. J., et al. 2017, ApJ, 848, L25

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

Hogbom, J. A. 1974, A&AS, 15, 417

Hotokezaka, K., Kiuchi, K., Shibata, M., Nakar, E., Piran, T. 2018, eprint
arXiv:1803.00599

Kasen, D., Metzger, B., Barnes, J., Quataert, E., & Ramirez-Ruiz, E. 2017,
Nature, 551, 80


http://arxiv.org/abs/1805.02870
http://arxiv.org/abs/1803.05892
http://arxiv.org/abs/1803.00599

GW170817 radio polarization 5

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

Kilpatrick, C. D., Foley, R. J., Kasen, D., et al. 2017, Science, 358, 1583

Lazzati, D., Deich, A., Morsony, B. J., & Workman, J. C. 2017a, MNRAS,
471, 1652

Lazzati, D., Lopez-Camara, D., Cantiello, M., et al. 2017b, ApJ, 848, L6

Lazzati, D., Perna, R., Morsony, B. J., et al. 2017c, ArXiv e-prints,
arXiv:1712.03237

Margutti, R., Berger, E., Fong, W., et al. 2017, ApJ, 848, L20

Margutti, R., Alexander, K. D., Xie, X., et al. 2018, ApJ, 856, L18

Metzger, B. D. 2017, ArXiv e-prints, arXiv:1710.05931

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

Murphy, E. 2017, ArXiv e-prints, arXiv:1711.09921

Nakar, E., Gottlieb, O., Piran, T., Kasliwal, M. M., & Hallinan, G. 2018,
ArXiv e-prints, arXiv:1803.07595

Nakar, E., & Piran, T. 2017, ApJ, 834, 28

—. 2018, MNRAS, arXiv:1801.09712

Perley, R. A., & Butler, B. J. 2013, ApJS, 206, 16

Pian, E., D’ Avanzo, P., Benetti, S., et al. 2017, Nature, 551, 67

Rossi, E. M., Lazzati, D., Salmonson, J. D., & Ghisellini, G. 2004, MNRAS,
354, 86

Sari, R. 1999, ApJ, 524,143

Savchenko, V., Ferrigno, C., Kuulkers, E., et al. 2017, ApJ, 848, L15

Shappee, B. J., Simon, J. D., Drout, M. R., et al. 2017, Science, 358, 1574

Smartt, S. J., Chen, T.-W., Jerkstrand, A., et al. 2017, Nature, 551, 75

Tanvir, N. R., Levan, A. J., Gonzélez-Fernandez, C., et al. 2017, ApJ, 848,
L27

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

Vaillancourt, J. E. 2006, PASP, 118, 1340

Valenti, S., David, Sand, J., et al. 2017, ApJ, 848, L24

Wiersema, K. and Curran, P. A. and Kriihler, T., et al. 2012, MNRAS, 426, 2


http://arxiv.org/abs/1712.03237
http://arxiv.org/abs/1710.05931
http://arxiv.org/abs/1711.09921
http://arxiv.org/abs/1803.07595
http://arxiv.org/abs/1801.09712

	ABSTRACT
	1 Introduction
	2 Radio observations and data reduction
	3 Results and discussion
	4 Summary and Conclusion

