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Figure 1 | Schematic illustration of the components of matter ejected from neutron-

star mergers. Red colours denote regions of heavy r-process elements, which radiate 

red/infrared light. Blue colours denote regions of light r-process elements which radiate 

blue/optical light. During the merger, tidal forces peel off tails of matter, forming a torus 

of heavy r-process ejecta in the plane of the binary. Material squeezed into the polar 

regions during the stellar collision can form a cone of light r-process material. Roughly 

spherical winds from a remnant accretion disk can also contribute, and are sensitive to the 

fate of the central merger remnant. a, If the remnant survives as a hot neutron star for tens 

of milliseconds, its neutrino irradiation lowers the neutron fraction and produces a blue 

wind. b, If the remnant collapses promptly to a black hole, neutrino irradiation is 

suppressed and the winds may be red. c, In the merger of a neutron star and a black hole, 

only a single tidal tail is ejected and the disk winds are more likely to be red. 
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Figure 5 (a) Type IIb SN1993J at 1.3 cm (22.5 GHz; open circles, solid line), 2 cm (14.9 GHz; stars, dashed line), 3.6 cm
(8.4 GHz; open squares, dash-dot line), 6 cm (4.9 GHz; open triangles, dotted line), and 20 cm (1.5 GHz; open diamonds, dash–
triple dot line). (b) Changing mass-loss rate of the presumed red supergiant progenitor to SN1993J versus time before the explosion.

Annu. Rev. Astro. Astrophys. 2002.40:387-438. Downloaded from www.annualreviews.org
 Access provided by Hebrew University of Jerusalem on 02/16/15. For personal use only.

SN 1993J  
(Weiler+02)

GRB 030329  
(van der Horst+08)
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Fig. 1. Modeling results of the afterglow of GRB 030329 at centimetre wavelengths. Our light curves obtained with WSRT and
GMRT are shown together with previously reported fluxes from WSRT (Van der Horst et al. 2005), GMRT (Resmi et al. 2005),
and VLA, ATCA & Ryle Telescope (Berger et al. 2003; Frail et al. 2005). The filled circles and squares are WSRT and GMRT
measurements respectively; the open diamonds are VLA, ATCA & Ryle Telescope measurements; the open triangles are 3σ upper
limits. Three fits to the data are shown: the dotted line represents a fit to the first 100 days of radio observations with a wide jet
expanding in a homogeneous medium; the solid line corresponds to a model in which the blast wave becomes non-relativistic after
80 days; the dash-dotted line corresponds to a model in which a third jet-component with an even wider opening angle is present.
The latter model is excluded by the observations below 1 GHz, which leaves the model with the non-relativistic phase after 80 days
as the preferred model for the late-time behaviour of the blast wave.

duced chi-squared. This indicates that if one includes part of the
data before 100 days, a steeper decay phase is also sampled, i.e.
the jet-spreading phase. And thus our choice of fitting the data
after 100 days is a valid assumption.

3.2. Physical Parameters

We have used 1128 days of broadband radio observations
(610 MHz to 43.3 GHz) of the afterglow of GRB030329 to
model the dynamical evolution of the afterglow as well as to
constrain the explosion energy. In Figure 1 we compare our
model predictions with the observations. The model presented
in Van der Horst et al. (2005), which fitted the data up to eight
months, perfectly fits the data up to more than three years after
the burst. In Van der Horst et al. (2005) values for the peak fre-
quency νm of 35 GHz and for the self-absorption frequency νa
of 13 GHz were found, both measured at the jet-break time of
10 days; the flux at νm at that time was 61 mJy. After about 80

days the afterglow shows a flattening of the light curve, which is
the start of the non-relativistic phase of the explosion: tNR.

The fitted spectral parameters may now be used to derive the
physical parameters of the explosion. The break frequencies and
the peak flux, estimated deep in the non-relativistic phase, i.e.
at a reference time t0 ! tNR, can be used to yield an estimate of
the blast wave energy EST and the ambient baryon density ni, us-
ing the Sedov-Taylor solution for the blast wave, in the manner
adopted by FWK00 for GRB970508. Two other physical param-
eters that determine the evolution of the radiation are the fraction
of total energy in relativistic electrons (εe) and in the post-shock
magnetic field (εB). In order to determine these four quantities,
one requires the measurement of four spectral parameters, tradi-
tionally the three break frequencies and the flux normalisation.
In the late phase, however, direct determination of the cooling
frequency is difficult, since the afterglow is not detectable at fre-
quencies above radio bands. We therefore express the physical
parameters as a function of the ratio εr ≡ εe/εB; εr = 1 would
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and � = �0.61+0.03
�0.07 (68% confidence interval, i.e. 1�;

see Table 2). We also introduced a scale factor into the
MCMC fit to explore a possible 25% o↵set in the ATCA
flux densities suggested by the spectral fits in §3.1. We
find that a scaling factor of ⇠20% is slightly preferred
over unity3.
Next we fit only the data in Table 1 together with

previous data at 0.65 GHz, 1.5 GHz, 3 GHz and 7.25
GHz referenced robustly with our method of flux de-
termination (Hallinan, Corsi et al. 2017; Mooley et al.
2018a; Dobie et al. 2018, flux density values given in
Table 3). Our best-fit values are given in Table 2, and
are consistent with the fit using all of the data above.
In particular we find ↵2 = �2.4+0.3

�0.4. Figure 2 shows
the multi-frequency radio data scaled to 3 GHz, and the
joint fit to these data (solid line). Figure 3 shows the
corner plot with the results of the MCMC fit.
By taking the limit in which the t�s↵1 term domi-

nates4 over the t�s↵2 term in the smoothly-broken power
law expression given above, we derive that the transition
from the power law rise to the power law decay takes
place between 158+13

�18 and 183+42
�15 days post-merger, i.e.

over a timescale of 24+58
�24 days. This implies that the

transition from ↵1 to ↵2 is fairly sharp, possibly taking
place over a small fraction of the time taken to reach the
light curve peak. We return to this point in §4.
The reduction in the uncertainties for ↵2 in the second

fit hints that there may still be systematic uncertainties
involved in the calibration across data taken from dif-
ferent telescopes and obtained at di↵erent frequencies.
Thus we chose to independently fit the 3 GHz VLA-
only data as was first done in (Mooley, Deller, Gottlieb
et al. 2018b). In this case, the light curve is too sparsely
sampled to be able to fit for the smoothness parame-
ter, and hence we use a simple broken power law model
(this corresponds to s ! 1) instead. Table 2 gives
the parameter values from the fitting, and we find that
↵2 = �2.2 ± 0.2. The decline is somewhat shallower
than, but in good agreement with, the smoothly-broken
power law model parameters. The remaining parame-
ters such as the slope of the rise, the peak flux density
and the time of peak all agree well with each other and

3
Median flux multiplication factor is 0.83 and the 68% confi-

dence interval is 0.75–1.07. Note that the scaling factor is required

for all ATCA data (reported here and previously). As an exper-

iment, we have also performed a fit without including an ATCA

flux scaling factor in the MCMC analysis, and the �2
is signifi-

cantly worse in this case as expected (87.4 versus 67.4). Never-

theless, we get ↵2 = 1.86+0.17
�0.23 without the scaling factor.

4
We derive the time at which one term dominates over the

other by a factor of ⇠20. The quoted time values are the median

of the distributions and their 16 and 84 percentiles are quoted as

the uncertainties.

Figure 2. The radio light curve of GW170817 spanning
multiple frequencies, and scaled to 3 GHz using the spec-
tral index (⌫�0.53) derived from our MCMC analysis. The
data from the VLA (filled black squares for 3 GHz and green
crosses for 1.5 GHz), the ATCA (blue circles), the MeerKAT
(green crosses) and the uGMRT (red diamonds for detections
and triangle for upper limit) are as reported in Table 1. We
also include the data at 0.65 GHz, 1.5 GHz, 3 GHz, and 7.25
GHz reported previously (Hallinan, Corsi et al. 2017; Moo-
ley et al. 2018a; Dobie et al. 2018). Our best-fit smoothed
broken power-law model to all these data (see §3.2) is shown
as a solid curve. The power-law decline index obtained is
�2.4+0.3

�0.4. For comparison, a broken power-law fit to the 3
GHz VLA-only data gives �2.2 ± 0.2. Both fits are thus
consistent with t�p decline in the light curve, where p is the
electron power-law distribution index.

with previous fits in the literature. The main point here
is that our key results are robust to di↵erent choices of
the data that we used in the fit.
Summarizing, we measure a sharp transition of the af-

terglow light curve of GW170817 about 170 days post-
merger with a steep power-law slope of ↵2 = �2.2. The
result confirms our earlier determination of ↵2 first re-
ported in Mooley, Deller, Gottlieb et al. (2018b). With
less data and a shorter time-baseline Dobie et al. (2018)
derive a more shallow decay index ↵2 = �1.6±0.2, which
is similar to the value that Alexander et al. (2018) find,
↵2 = �1.6+0.2

�0.3. Our more precise values of ↵2 lie within
the 68% confidence interval of Troja et al. (2018b) but
we measure a larger value for the smoothness parameter.

4. DISCUSSION

Before interpreting the light curve of GW170817 di-
rectly, it is illustrative to review the two asymptotes
of late-time light curve behavior from afterglow mod-
els. Afterglow spectra and the light curves of GRBs
have long been used to infer the geometry and dynam-
ical state of the ejecta (e.g. Galama et al. 1998; Har-

Neutron Star Merger
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Proton & electron

v

Energy per particle ~ mp v2/2 
10% => electons’ energy and magnetic energy 

Electron Lorentz factor:
γ ~ mpv2/mec2 ~ 100 (v/c)2 

B ~ 0.01G n1/2 (v/c)

vs = γ2eB/2πmec2 

      ~ 1 GHz n1/2 (v/c)5

Synchrotron frequency:

Time scale: the deceleration time of the outflow

tp ~ 80 day n-1/3(E/1050erg)1/3 (v/c)-5/3 

E

n

Introduction Radio transient 101 

Relativistic outflow (v~c) in the typical ISM (n~1cm-3) 
emits synchrotron radiation peaking at radio.



Introduction 
Extreme outflows produce a bright radio signal

The Lorentz factor just behind the shock given by E = 16⇡�2
0R

3nmpc2/17. Using R = 16�2
0cT , the

time evolution of �0 is

�0(T ) =
1p
16

✓
17E

⇡nmpc5T 3

◆ 1
8

. (210)

Finally, we obtain the observed flux as

F⌫(T ) =
2⇡

D2
L

3(3p+ 2)(p� 2)

4(3p� 1)(p� 1)

2⌫2✏empc2

c2
0.08717T

1
2

✓
17E

⇡nmpc5

◆ 1
2

,

⇡ 4.196
(3p+ 2)(p� 2)

(3p� 1)(p� 1)
⇥ 109 mJy

⇥ ✏en
� 1

2E
1
2
52T

1
2
day⌫

2
14D

�2
L,28 (211)

This value of the coe�cient 4.196 is identical as the value 4.20 in the paper Granot and Sari (2002).
The same exercise is also done for ⌫m < ⌫ < ⌫a. The source function at an observer frame is

S⌫ =
C

�(1� � cos ✓)1/2
⌫5/2me

✓
3qe

4⇡mec
(32⇡mp✏Bn)

1/2

◆�1/2

(212)

The integration of the equal-arrival time surface is
Z ymax

0

ydy

�(1� � cos ✓)1/2
⇡ 163/2�2

0T
2

Z 1

R̄min

R̄2(5R̄4 � 1)dR̄p
7R̄4 + 1

,

⇡ 0.18244⇥ 163/2�2
0T

2. (213)

We get

F⌫(T ) ⇡ 2.26⇥ 108 mJy ✏�1/4
B n�1/2E1/4

52 T 5/4
dayD

�2
L,28⌫

5/2
14 . (214)

Here we set p = 2.5. The numerical coe�cient in Granot and Sari (2002) is 2.47 so that the value
derived here is slightly small. This may be because of the fact that we do not take into account the
angle average of sin↵.

Table 1: Time evolution of radio fluxes in di↵erent regimes.

Flux Rela (t < tdec) Rela (t > tdec) Non Rela (t < tdec) Non Rela (t > tdec)

Thin (i) F⌫ / R3B�⌫(p�1)/2
m t3 t�3(p�1)/4 t3 t�(15p�21)/10

Thin (ii) F⌫ / R3B�⌫�1/3
m t3 t1/2 t3 t8/5

Thick (i) F⌫ / R2�m t2 t1/2 t2 t�2/5

Thick (ii) F⌫ / R2�m⌫�1/2
m t2 t5/4 t2 t11/10

Table 2: Velocity dependence of radio fluxes in di↵erent regimes.

Flux Full Rela (t < tdec) Non Rela (t < tdec)

Thin (i) F⌫ / R3B�⌫(p�1)/2
m �3�(3p+3)/4(�� 1)(5p�3)/4/(1� �)3 �6+2p �(5p+3)/2

Thin (ii) F⌫ / R3B�⌫�1/3
m �3�(�� 1)�1/3/(1� �)3 �20/3 �7/3

Thick (i) F⌫ / ✓2R2�m� �2(�� 1)/(1� �)2/� �4 �4

Thick (ii) F⌫ / ✓2R2�m⌫�1/2
m �2��15/4(�� 1)�1/4/(1� �)3 �2 �3/2

Optically thick flux from a Newtonian blast wave: In the non relativistic limit, the analysis in
the self-absorption limit is rather simple. The source function is given as

S⌫ ⇡ 3(3p+ 2)

4(3p� 1)

2⌫2

c2
✏e
2
mpv

2 (215)

18

e.g., p = 2 ~ 3

The flux is extremely sensitive to the outflow’s velocity. 
=> Relativistic phenomena is bright !!



電波カロリメトリー
Flux density

Frequency

Optically thin

Optically 
thick

νs νa

シンクロトロン放射では自己吸収による 
ピークがしばしば電波帯で観測される

For the last equation, we use ⌫a ⇡ ⌫m to get the lower limit of Ee.

Ee ⇡ 2.96 · 1049 erg f�6/17
B

✓
⌫aL⌫a

1038 erg/s

◆20/17 ⇣ ⌫a
0.3GHz

⌘�137/68 ⇣ ⌫m
0.3GHz

⌘�11/68
,(96)

& 2.96 · 1049 erg f�6/17
B

✓
L⌫a

3.3 · 1029 erg/s/Hz

◆20/17 ⇣ ⌫a
0.3GHz

⌘�1

. (97)

The mean velocity R/t is

⇣ vp
0.16c

⌘

wind

⇡ f1/17
B

✓
L⌫a

3.3 · 1029 erg/s/Hz

◆8/17 ⇣ ⌫a
0.3GHz

⌘�33/34 ⇣ ⌫m
0.3GHz

⌘�1/34
✓

tp
10 years

◆�1

,(98)

In the self-similar phase, the radius of the blast wave evolves as R / t2/(5�s),
where the density is n / r�s. Thus, the velocity evolves as v = 2R/(5� s)t.

Assuming v = 2R/3t (wind), the velocity at an observation is

⇣ vp
0.10c

⌘

wind

⇡ f1/17
B

✓
L⌫a

3.3 · 1029 erg/s/Hz

◆8/17 ⇣ ⌫a
0.3GHz

⌘�33/34 ⇣ ⌫m
0.3GHz

⌘�1/34
✓

tp
10 years

◆�1

,(99)

and v = 2R/5t (constant),

⇣ vp
0.06c

⌘

const

⇡ f1/17
B

✓
L⌫a

3.3 · 1029 erg/s/Hz

◆8/17 ⇣ ⌫a
0.3GHz

⌘�33/34 ⇣ ⌫m
0.3GHz

⌘�1/34
✓

tp
10 years

◆�1

,(100)

Note that the dependence of the radius on ⌫m is very weak, and hence, the
radius and velocity estimated with ⌫m ⇡ ⌫a should be quite robust.

The above limits are really the lower limit. More realistically, the electrons’
minimum Lorentz factor is

�m = 1 + ✏e
p� 2

p� 1

mp

me
(�� 1), (101)

⇡ 1 + 0.46
⇣ ✏e
0.1

⌘⇣ v

0.1c

⌘2

. (102)

Let us assume �m ⇡ 1. Then the synchrotron frequency is

⌫m ⇡ qeB

2⇡mec
, (103)

⇡ qe
2⇡mec

✓
6fBEe

R3

◆1/2

. (104)

Substituting equations (91) and (96) into this equation, we obtain

⌫m ⇡ 3 · 10�5 GHz f�22/323
B

✓
L⌫

3.3 · 1029 erg/s

◆11/323 ⇣ ⌫a
0.3GHz

⌘�11/34
.(105)

We also get

Ee ⇡ 1.3 · 1050 erg f�8/19
B

✓
L⌫a

3.3 · 1029 erg/s/Hz

◆23/19 ⇣ ⌫a
0.3GHz

⌘�1

. (106)
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Radio transient sky in 2016

Figure 22. Top: the phase space of slow extragalactic transients. The panel shows the upper limits to the transient rates from previous radio surveys (colored wedges;
95% confidence), the rates derived from radio transient detections (2σ error bars), and the expected transient rates. The transient detection labeled as “Le+02”
represents an SN II having a peak radio luminosity of 3×1027 erg s−1 Hz−1 and an evolution timescale of ∼15 yr (Levinson et al. 2002; Gal-Yam et al. 2006). The
one labeled “Ba+11” is a nuclear transient, SUMSS J060938–333508, with a peak radio luminosity of 6×1029 erg s−1 Hz−1 and an evolution timescale of <5 yr
(Bannister et al. 2011a, 2011b, K. Bannister 2015, private communication). All observed quantities are color-coded according to the observing frequency. The solid
gray line is the rate claimed by Bower et al. (2007), plotted for reference. The upper limit to the extragalactic transient rate from our pilot survey (this work) and the
phase space probed by the full CNSS survey are shown as thick green wedges. The phase space probed by the VLA Sky Survey all-sky tier (VLASS) is also shown.
The solid red line denotes the source counts from the FIRST survey, and the dashed red line denotes the approximate counts for strong variables at 1.4 GHz (1% of the
persistent sources). Bottom: the Galactic transient phase space. Symbols have similar meanings as in the top panel. Black solid lines denote the source counts from the
FIRST and the MAGPIS 1.4 GHz surveys. The source counts for variable Galactic sources approximated from Becker et al. (2010) are shown as a blue dashed line.
The transient rate for active binaries resulting from our pilot survey is shown by the green error bar, and the upper limit for the rate of all other classes of Galactic
transients is denoted by a thick green wedge. See Section 7.2 for more details.

24

The Astrophysical Journal, 818:105 (27pp), 2016 February 20 Mooley et al.

Figure 22. Top: the phase space of slow extragalactic transients. The panel shows the upper limits to the transient rates from previous radio surveys (colored wedges;
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(Bannister et al. 2011a, 2011b, K. Bannister 2015, private communication). All observed quantities are color-coded according to the observing frequency. The solid
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The solid red line denotes the source counts from the FIRST survey, and the dashed red line denotes the approximate counts for strong variables at 1.4 GHz (1% of the
persistent sources). Bottom: the Galactic transient phase space. Symbols have similar meanings as in the top panel. Black solid lines denote the source counts from the
FIRST and the MAGPIS 1.4 GHz surveys. The source counts for variable Galactic sources approximated from Becker et al. (2010) are shown as a blue dashed line.
The transient rate for active binaries resulting from our pilot survey is shown by the green error bar, and the upper limit for the rate of all other classes of Galactic
transients is denoted by a thick green wedge. See Section 7.2 for more details.
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MID-SCALE RI-1 (M1:DP): THE DSA-2000: DESIGN AND DEVELOPMENT

DSA-2000 artist’s impression, and a comparison between the DSA-2000 and other current (small squares) and planned
(large squares) radio telescopes (SKA-I Mid- Mid-frequency Square Kilometre Array; ASKAP- Australian SKA
Pathfinder; JVLA- Very Large Array; GBT- Green Bank Telescope; FAST- Five Hundred meter Spherical Telescope).

Concept: The DSA-2000 is a proposed world-leading radio survey telescope and multi-messenger discov-
ery engine, with first light in 2026 (Hallinan et al. 2019). The concept is submitted to the Astro2020 Decadal
Survey, with construction to be proposed via NSF Mid-scale Research Infrastructure-2 (MSRI-2). The total
cost will be $96 million, which assumes 70% from NSF, and 30% from partners. The project and a detailed
Basis of Estimate (available upon request) were presented to the Astro2020 RMS Panel on Feb 4, 2020.
This proposal requests $X.X million to complete the DSA-2000 design.
Innovation: The DSA-2000 is enabled by ground-breaking ambient-temperature receivers and low-cost an-
tenna platforms, based on established technology demonstrated via the DSA-10 and the NSF/MSIP-funded
DSA-110 precursor arrays. The DSA-2000 breaks a barrier in imaging performance with radio arrays, im-
plementing a “radio camera” to deliver science-ready images in real-time via a streaming GPU platform.
Survey Design: In the era of epochal astronomical surveys (e.g., with the Rubin Observatory, SPHEREx,
SRG/eROSITA), the DSA-2000 will serve the US research community with world-leading radio survey data
to address community-identified priority science questions. During a five-year prime phase, 65% of the time
will be used for a 16-epoch all-sky survey (500 nJy/beam rms noise). Science-ready images and catalogs
will be delivered to the research community with no proprietary period. 25% of time will be used to survey
the nanoHertz gravitational-wave (GW) sky through pulsar timing (US-led NANOGrav collaboration). The
remainder will be split between daily observations of Rubin Observatory deep fields (5%), and a systematic
search for electromagnetic counterparts to neutron-star mergers detected by LIGO/Virgo/KAGRA (5%).
Community Benefit: A new generation of GHz-frequency radio telescopes have emerged around the world
in the past decade. ngVLA sentence These include ASKAP, MeerKAT, Apertif, FAST and in the future,
the SKA-mid array (construction completed in 2028). With limited or no access to these telescopes, the
US cedes leadership in this domain, further exacerbated by the recent loss of the Arecibo Observatory. As
shown in the figure above, the DSA-2000 will survey the skies at a rate that is ⇠ 1000⇥ the current state
of the art in the US (the VLA), ⇠ 100⇥ the current state of the art worldwide (MeerKAT), and ⇠ 10⇥ any
array in development. The DSA-2000 data products will bypass the growing data deluge problem in radio
astronomy, enabling broader community access to the radio sky.
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Radio transients
• Times scales are long (>year) 

• They have been usually discovered by the follow-up of 
high energy transients 

• Faster outflows are brighter 

• A good measure of R, energy, and ISM density  

• The size can be directly measured via VLBI 

• The survey speed is significantly increasing
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中性子星合体に付随する種々のアウトフロー
Jet

Cocoon

Fast tail  
of ejecta

Wind

Dynamical

1432 K. Hotokezaka and T. Piran

Figure 1. Left-hand panel: the kinetic energy and the radial component of the four-velocity of the different components of the ejecta. The lines mark the
deceleration time-scales of equation (2) assuming an external density of 1 cm−3. The star in each component shows the fiducial model. Right-hand panel: a
schematic picture of the morphology of the different components of the ejecta on the meridional plane. The distribution of the dynamical ejecta is taken from
a merger simulation (Hotokezaka et al. 2013a). Other components are added schematically. Colours depict different components and are the same on the r.h.s.
and the l.h.s.

and β is a velocity in units of the speed of light c. Also shown
in the figure are the deceleration time-scales due to the interaction
with the ISM, which are discussed later. This time-scale gives the
characteristic peak time of the radio flares from each component.
The right-hand panel of the figure shows schematically the expected
morphology of the ejecta.

In the following, we briefly describe the properties of the different
components. In each case, we focus on the total mass, energy, and the
corresponding velocities. We also mention the expected distribution
of energy as a function of velocity, which is essential in order to
estimate the radio flares from these components. For completeness,
we also mention the electron fraction Ye. This is not needed for
the radio estimate, but it is a critical quantity that determines the
composition of the ejected material as well as the heating rate that
is essential for the macronova estimates.

2.1 The dynamical ejecta

Gravitational and hydrodynamical interactions produce the dynam-
ical ejecta. In many senses, it is the easiest to calculate and as such
it is the most robust element. It was investigated using Newtonian
simulations (e.g. Davies et al. 1994; Ruffert et al. 1997; Rosswog
et al. 1999; Rosswog 2013) and using general relativistic simula-
tions (e.g. Oechslin, Janka & Marek 2007; Bauswein et al. 2013;
Hotokezaka et al. 2013a). According to these numerical simulations,
the mass and kinetic energy of the dynamical ejecta are expected to
be in the range of 10−4 ! Mej ! 10−2 M" and 1049 ! E ! 1051 erg,
respectively. The median value of E in the general relativistic sim-
ulations is a few times 1050 erg. The properties of the dynamical
ejecta are as follows.

The tidal ejecta. A fraction of the material obtains sufficient
angular momentum and is ejected via tidal interaction due to non-
axisymmetry of the gravitational forces. Current simulations show
that this matter is ejected even before the two stars collide with
each other2, and it lasts as long as the gravitational field is not
axisymmetric (about 10 ms after the merger in the case that the
remnant is an MNS). This tidal component is mostly ejected into

2 This earliest component could be possibly weaker than what is calculated
because of the poor modelling of the crust in current numerical simulations.

the equatorial plane of the binary within an angle about 20◦ (see
e.g. fig. 17 in Hotokezaka et al. 2013a).

The electron fraction of the dynamical ejecta, and the resulting
nucleosynthesis have been studied in the literature (e.g. Goriely
et al. 2011; Korobkin et al. 2012; Wanajo et al. 2014). The tidally
ejected material has initially a low electron fraction Ye $ 0.1 as this
matter does not suffer from shock heating and neutrino irradiation
(Wanajo et al. 2014). This is particularly important concerning the
possibility that this is the source of heavy (high atomic number)
r-process nuclides, but it is not so relevant for our discussion that
is concerned mostly with the radio flare. This fraction can increase
by electron neutrino absorption or by positron absorption. The tidal
component ejected at late times has higher Ye values.

The shocked component. A shock is formed at the interface of
the merging neutron stars. The shock sweeps up the material in
the envelope of the merging neutron stars. Furthermore, a shock is
continuously produced around the envelope of a remnant MNS as
long as the MNS is strongly deformed. As a result, a fraction of
the shocked material obtains sufficient energy and is ejected from
the system. Recent general relativistic simulations show that this
component can dominate over the tidal component in the case of a
nearly equal mass binary (e.g. Bauswein et al. 2013; Hotokezaka
et al. 2013a). The shocked component is ejected even in the direction
of the rotation axis of the binary. The average electron fraction of the
shocked components is relatively large compared with that of the
tidal ejecta (Wanajo et al. 2014). It may be as large as Ye ∼ 0.2–0.4,
and it will result in a different nucleosynthesis signature.

We take the velocity distribution of the dynamical ejecta from
the result of a numerical relativity simulation of Hotokezaka et al.
(2013a) for a 1.4–1.4 M" ns2 merger for the case of APR4 equation
of state. The energy distribution of this model can be approximately
described as E( ≥ β) ∝β−0.5 with a cut off at β ( 0.4, and an
average velocity is β ( 0.2, where E( ≥ β) is the kinetic energy
with a velocity larger than β. Note that it is not clear whether the cut
off at β ( 0.4 is physical or that it arises just because it is difficult
to resolve such a small amount of fast material in the numerical
simulations. For our fiducial model, we use a total kinetic energy of
5 × 1050 erg.

The relativistic shock-breakout component. When the shock
breaks out from the neutron star surface to the ISM, it is acceler-
ated and a fraction of the shocked component can have a relativistic
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ejecta with a mass of �Mej 0.05–0.08 :M and velocities of
xvej 0.1–0.3 c is needed7 to produce the observed signal. A

second macronova candidate associated with the earlier event
GRB 060614, has been recently discovered by Yang et al.
(2015) who re-examined the data obtained with the Hubble
Space Telescope (Gal-Yam et al. 2006) and found excess
emission at the F814W band (see also Jin et al. 2015). Yang
et al. find that it can be explained by a macronova with a
significantly more massive ejecta, �Mej 0.03–0.1 :M , with
velocities of xvej 0.1–0.2 c.

In search of a late-time radio emission originating from a
forward shock in the ISM, as predicted by Nakar & Piran
(2011), we obtained late-time radio observations of both
GRB 130603B and GRB 060614. In the next section, we
briefly describe the radio observations. In Section 3, we
provide details of how the predictions of the radio signal are
calculated. We compare our predictions with the results of our
observations in Section 4, and briefly summarize in Section 5.

2. RADIO OBSERVATIONS

2.1. VLA Observations of GRB 130603B

We observed GRB 130603B with the Karl G. Jansky Very
Large Array (VLA), in B configuration, on 2015, February 12
UT ( �T 6190 days). The observation was performed at a
central frequency of 3 GHz using J 1120+1420 and 3C286 as
phase and flux calibrators, respectively. We analyzed the data
using standard AIPS8 and CASA9 routines. We found no
significant radio emission at the position of the GRB with a T3
detection limit of 60μJy.

At early times, GRB 130603B was observed with the VLA
by Fong et al. (2014). They detected radio emission a few hours
after the GRB was discovered. This emission was rapidly
fading away below the detection limit, within four days as
expected from a typical GRB afterglow. An observation at day
84 after discovery (Fong et al. 2014) resulted in a null-detection
of 34 μJy (3σ) at 6.7 GHz.

2.2. ATCA Observations of GRB 060614

We used the Australia Telescope Compact Array (ATCA) to
observe GRB 060614A at 2.1 GHz on 2015 May 9 UT
( �T 32510 days). The calibrator sources, PKS B1921-293
(band-pass), PKS B1934-638 (flux), and PKS B2213-45
(phase), were used. The data were processed using MIRIAD

(Sault et al. 1995). The resulting image achieved an rms noise
of 50 μJy at the location of the GRB; however, no detection
was made with a 3σ upper limit of 150 μJy.

3. PREDICTION OF THE MAGNETAR SIGNAL

The interaction of the ejected mass with the ISM leads to a
late-time (months to years) radio signal. The luminosity of the
signal and the peak time depend both on the properties of the
ejecta and of the ISM. At high frequencies, the signal is
expected to peak once the ejecta starts to decelerate. This will
occur when the ejecta plowed through sufficient ISM mass to
slow it down, i.e., comparable to the ejecta mass. The

deceleration radius and time, and the peak radio flux, are then
simply defined by Nakar & Piran (2011).
In the magnetar scenario, the stable ns remnant formed in a

binary ns merger is expected to have a typical rotational period
of P ∼1 ms. The rotational energy of the ns is

Q
�E

I
P
2

2
1rot

2

2

( ) ( )

where I is the moment of inertia. For the above period, the
rotational energy is x q3 1052 erg. Depositing this additional
energy into an ejecta mass of �

:M10 2 will result in a relativistic
outflow, leading to a stronger radio signal at late times. It is
important to stress that our estimates are sensitive just to the
magnetar period and not to its magnetic field. The total
rotational energy of the magnetar is released and deposited in
the ejecta on a timescale much shorter than the timescales that
we consider here.
Adopting the above typical magnetar energy and assuming

the ejecta mass and ISM density, the predicted radio light
curves can be calculated using the Nakar & Piran (2011)
formalism (see also Piran et al. 2013). However, there are two
additional points that need to be treated more carefully. First,
the peak flux is given assuming that the observed frequency is
above the self-absorbed frequency. Second, Nakar & Piran
address the case of non-relativistic ejecta and thus neglected
relativistic effects.
The major relativistic effects on the observed flux are (1)

relativistic time effects, (2) the Doppler shift, and (3) relativistic
beaming10(see, e.g., Piran 2004 for a review). These effects
play important roles depending on the initial Lorentz factor.
Roughly speaking, an observer will measure a brighter flux
than those expected from Newtonian motion until the blast
wave has sufficiently decelerated. The deceleration timescale,
in the relativistic case, is shorter than the Newtonian one by a
factor of (�8 3. The synchrotron frequency Om corresponding to
Hm

11 decreases with time. For an observed frequency ν that was
initially below Om the flux peaks when O O� m at
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where, E is the energy deposited in the ejecta, and �B and �e are
the shock equipartition parameters of the magnetic field and
electron energy, respectively. The peak flux at this time is
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where D is the distance to the source, and n is the ISM density.
The above estimates are valid when synchrotron self-absorp-
tion is negligible. The radio frequencies are often below the

7 Note that a wider range of ejecta mass and velocities is consistent with
the data.
8 Astronomical Image Processing System.
9 Common Astronomy Software Applications package; McMullin
et al. (2007).

10 In the case of an isotropic ejecta, the relativistic beaming does not change
the total luminosity.
11 We have assumed that the electrons are accelerated by the blast wave with a
power-law energy distribution of H_ �Ne e

p, with some minimum Lorentz
factor Hm.
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Fig. 1.— Schematic diagram of the neutrino-irradiated wind from
a magnetized HMNS. Neutrinos from the HMNS heat matter in a
narrow layer above the HMNS surface, feeding baryons onto open
magnetic field lines at a rate which is substantially enhanced by
magneto-centrifugal forces from the purely neutrino-driven mass-
loss rate (e.g. Thompson et al. 2004; Metzger et al. 2007). Mag-
netic forces also accelerate the wind to a higher asymptotic velocity
v ⇡ vB ⇡ 0.2 � 0.3 c (eq. 5) than the purely neutrino-driven case
v . 0.1 c (eq. 2), consistent with the blue KN ejecta. Though
blocked by the accretion disk directly in the equatorial plane, the
outflow has its highest rate of mass-loss rate, kinetic energy flux,
and velocity at low latitudes near the last closed field lines (Vlasov
et al. 2014). The wind velocity / �1/3 / B2/3/Ṁ1/3 may increase
by a factor of ⇠ 2 over the HMNS lifetime (Fig. 4) as its mass loss
rate Ṁ subsides, or its magnetic field B is amplified, resulting in
internal shocks on a radial scale Rsh ⇠ vtrem ⇠ 1010(trem/1s) cm,
substantially larger than the wind launching point. This late re-
heating of the ejecta leads to brighter KN emission within the first
few hours after the merger (Fig. 3). Relativistic break-out of the
shocks as the magnetar wind becomes trans-relativistic on a similar
timescale might also give rise to gamma-ray emission.

Mart́ınez-Pinedo et al. 2012 for recent work in the core
collapse context).
The electron fraction of an unmagnetized PNS wind is

su�ciently high Ye & 0.4 � 0.5 to synthesize exclusively
Fe-group nuclei or light r-process nuclei with the low
opacities needed to produce blue KN emission. However,
the quantity Ṁ⌫trem . 10�3M� and velocity v⌫ ⇠ 0.1 c
of the neutrino-driven wind ejecta are too low compared
to observations of GW170817. The predicted compo-
sition may also be problematic; the radioactive energy
input of Ye ⇡ Ye,⌫ & 0.4 matter is dominated by a few
discrete nuclei (Lippuner & Roberts 2015), inconsistent
with the observed smooth decay of the KN bolometric
light curve (Rosswog et al. 2017). Matter with lower Ye
can be unbound by neutrino heating of the surrounding
accretion disk (e.g. Metzger & Fernández 2014; Perego
et al. 2014; Martin et al. 2015), but the velocity of this
material . 0.1 c is also too low (Table 1).

2.2. Magnetized, neutrino-heated wind

A standard neutrino-heated wind cannot explain the
observed properties of the blue KN, but the prospects
are better if the merger remnant possesses a strong mag-
netic field. Due to the large orbital angular momentum
of the initial binary, the remnant is necessarily rotating

close to its mass-shedding limit, with a rotation period
P = 2⇡/⌦ ⇡ 0.8� 1 ms, where ⌦ is the angular rotation
frequency. The remnant is also highly magnetized, due
to amplification of the magnetic field on small scales to
& 1016 G by several instabilities (e.g. Kelvin-Helmholtz,
magneto-rotational) which tap into the free energy avail-
able in di↵erential rotation (e.g. Price & Rosswog 2006;
Siegel et al. 2013; Zrake & MacFadyen 2013; Kiuchi et al.
2015). As a part of this process, and the longer-term
MHD evolution of its internal magnetic field (e.g. Braith-
waite 2007), the rapidly-spinning remnant could acquire
a large-scale surface field, though its strength is likely to
be weaker than the small-scale field.
In the presence of rapid rotation and a strong or-

dered magnetic field, magneto-centrifugal forces accel-
erate matter outwards from the HMNS along the open
field lines in addition to the thermal pressure from neu-
trino heating (Fig. 1). A magnetic field thus enhances the
mass loss rate and velocity of the HMNS wind (Thomp-
son et al. 2004; Metzger et al. 2007), in addition to reduc-
ing its electron fraction as compared to the equilibrium
value obtain when the flow comes into equilibrium with
the neutrinos, Ye,⌫ (e.g. Metzger et al. 2008c).
A key property quantifying the dynamical importance

of the magnetic field is the wind magnetization

� =
�2

M⌦2

Ṁtotc3
=

B2R4
nsfopen⌦

2

Ṁc3
, (4)

where �M = fopenBR2
ns is the open magnetic flux per

steradian leaving the NS surface, B is the average sur-
face magnetic field strength, fopen is the fraction of
the NS surface threaded by open magnetic field lines,
Ṁtot = fopenṀ is the total mass loss rate, and Ṁ is
the wind mass loss rate when fopen = 1 limit (which in
general will be substantially enhanced from the purely
neutrino-driven value estimated in eq. 1). In what follows
we assume the split-monopole magnetic field structure
(fopen = 1), which is a reasonable approximation if the
magnetosphere is continuously “torn open” by latitudinal
di↵erential rotation (Siegel et al. 2014), neutrino heating
of the atmosphere in the closed-zone region (Thompson
2003; Komissarov & Barkov 2007; Thompson & ud-Doula
2017), and by the compression of the nominally closed
field zone by the ram pressure of the surrounding accre-
tion disk (Parfrey et al. 2016). However, our results can
also be applied to the case fopen ⌧ 1, as would charac-
terize a more complex magnetic field structure, provided
that the ratio B2/Ṁ / f�1

open can be scaled-up accord-
ingly to obtain the same value of � needed by observa-
tions.
Upon reaching the fast magnetosonic surface (outside

of the light cylinder), the outflow achieves a radial four-
velocity v� ' c�1/3 (Michel 1969). Winds with � � 1
thus become ultra-relativistic, reaching a bulk Lorentz
factor � � 1 in the range �1/3 . �  �, depending
on how e�ciently additional magnetic energy initially
carried out by Poynting flux is converted into kinetic
energy outside of the fast surface. By contrast, winds
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motion on the peak time is only a factor of a few, compared to
the Newtonian case. The peak flux can also vary by an order of
magnitude. If we take the case of n=0.1 as an example, the
peak luminosity and time in the naive Newtonian case would
have been x q2 1040 erg s−1, and ≈930 days, compared to
x q4 1041 erg s−1, and ≈200 days, in the full relativistic
calculation.

4. COMPARISON OF THE MAGNETAR MODEL
WITH OBSERVATIONS

As seen in Figure 1, we can rule out a large fraction of the E-
n phase space for both GRB 130603B and GRB 060614. A
main uncertainty in the determination of radio flare signals
involves the external density of the ISM. The surrounding
circumburst density is typically determined from the analysis of
the GRBʼs afterglow. However, this determination typically
suffers from numerous uncertainties and degeneracies between
this density and other afterglow parameters (in particular, with
�B). For example, Fong et al. (2014) analyzed X-ray, optical,
and radio observations of the afterglow of GRB 130603B. They
find that the possible circumburst density ranges from 0.005 to

�30 cm 3. This large range of uncertainty demonstrates the
difficulty in estimating the density even when afterglow
information is available in three bands. Xu et al. (2009) have
analyzed the afterglow of GRB 060614. They find that a
density of �0.04 cm 3 is consistent with the data, but they do not
try to bracket it. The range of values of the ISM densities for
both GRB 130603B and GRB 060614 are within the range that
we have discussed here and are both sufficiently large to rule
out the canonical magnetar model.

In light of the uncertainty in the ISM density and the
microphysical parameters, we present in Figure 3 different
areas in the �M Eej phase space that can be ruled out for
various ISM density and �B values. This large phase space, as in
Figure 1, accounts not only for the magnetar scenario
(discussed below) but also for the cases where there is no
additional energy injection such as the “standard” non-
relativistic macronova scenario presented in Nakar &
Piran (2011).

Assuming that a magnetar output energy is q3 1052 erg,
then even for a very low ISM density � �n 0.001 cm 3 and for a
relatively low energy conversion of shockwave energy to

magnetic fields, � _ 0.01B , the expected radio signals at the
time of our radio observations for both events are above our
detection limits. Given that we did not detect any radio
emission, this rules out the fiducial magnetar model for
macronova events associated with GRBs.
It is worth mentioning that the above conclusion is based on

the assumption of spherical symmetry. Deviations from
spherical symmetry, that are expected, would somewhat reduce
the signal and delay the peak time (Margalit & Piran 2015).
However, this amounts only to about 10% difference in peak
luminosity and a factor of ∼2 in peak time. We cannot rule out
a magnetar with a large mass ejection (� :M0.1 ) in a low
density environment by the absence of radio emission. The
velocity of this large ejecta mass will be non-relativistic and is
expected to produce weak emission below our detection limits
(Figure 2). Other cases where the radio emission can be highly
suppressed is an even more extreme case, where a minute
amount of energy is converted in the shock to magnetic fields,
i.e., � � 0.001B . Atypical high ISM density will also lead to
suppression of the radio signal because the optical depth will
increase.

5. SUMMARY

Compact binary mergers are expected to be followed by a
macronova emission and long-lasting radio emission. In this
paper, we have searched for this radio signal including the one
that is predicted specifically by the magnetar scenario. In this
latter case, a merger results in highly magnetized ns that
deposits energy into a small amount of ejecta mass that
becomes relativistic. If this relativistic ejecta interacts with an
ISM that is not too dilute, it is expected to produce a bright
radio emission that will peak over timescales of months to
years.
Our search was focused on the two GRBs (GRB 130603B &

GRB 060614) that were the first to exhibit macronova-like
emission, thus indicating the ejection of a small amount of
mass, a condition needed for the late production of a radio flare.
Therefore, we have observed these GRB positions at late times
with the VLA and the ATCA telescopes. Our radio observa-
tions resulted in null-detections. Comparing the predicted radio
emission with our upper limits, we can rule out a wide range of
kinetic energies, ejecta masses, ISM densities, and

Figure 2. Predicted radio light curves in the magnetar scenario when both relativistic effects and synchrotron self absorption are included. The light curves are
calculated assuming kinetic energy of � qE 3 10k

52 erg and a range of ISM densities (see the legend). Solid triangles represent the late-time radio observations (see
Section 2).
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i.e., � � 0.001B . Atypical high ISM density will also lead to
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that is predicted specifically by the magnetar scenario. In this
latter case, a merger results in highly magnetized ns that
deposits energy into a small amount of ejecta mass that
becomes relativistic. If this relativistic ejecta interacts with an
ISM that is not too dilute, it is expected to produce a bright
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Our search was focused on the two GRBs (GRB 130603B &

GRB 060614) that were the first to exhibit macronova-like
emission, thus indicating the ejection of a small amount of
mass, a condition needed for the late production of a radio flare.
Therefore, we have observed these GRB positions at late times
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A merger-magnetar can be 
extremely bright in radio, like 

TDEs, LGRBs. 
So far, we’ve never seen such 
phenomena after short GRBs.



1 Scientific justification

The era of gravitational-wave (GW) astronomy has begun with the announcement of the discovery
of five double black hole (BH-BH) mergers (Abbott et al. 2016a, 2017a,b,c) and one double neutron
star (NS-NS) merger (GW170817; Abbott et al. 2017d). Localized to the lenticular galaxy NGC
4993 at 40Mpc (Coulter et al. 2017), GW170817 was the first GW event with an electromagnetic
(EM) counterpart. It was accompanied by prompt �-rays, fast-fading UV/optical/NIR, and long-
lived X-ray, optical, and radio emission (Abbott et al. 2017e and references therein; left panel of
Figure 1). GW170817 yielded a scientific bonanza in fields as wide-ranging as gravitational physics,
nucleosynthesis, extreme states of nuclear matter, relativistic explosions and jets, and cosmology.
The EM signatures of GW170817 were remarkably di↵erent from what prior models predicted. The

�-rays were a factor of ⇠ 103 weaker than for ordinary short �-ray bursts (SGRBs), there was an early
blue kilonova presumably due to lanthanide-free polar ejecta (Fernandez & Metzger 2016, Kasen et
al. 2017), and late onset of radio/X-ray emission (Abbott et al. 2017e and references therein). A
subsequent fainter, longer-lived, red kilonova emission was powered by lanthanide-rich tidal ejecta or
an accretion disk wind. The merger likely produced a hyper-massive NS, rapidly followed by collapse
to a BH on a short timescale (⇠ 100ms; Kasen et al. 2017, Pooley et al. 2018). A relativistic jet was
launched, but became entrenched in the dynamical ejecta, driving a wide-angled, mildly relativistic
outflow, commonly referred to as a “cocoon” or “structured jet”. This cocoon was likely responsible
for the early-time �-rays, as well as late time X-ray (Ruan et al. 2018, Margutti et al. 2018, Troja et
al. 2018) and radio emission (e.g. Mooley et al. 2018, Margutti et al. 2018). It is unclear whether
the jet eventually burrowed through the ejecta to successfully produce a SGRB (e.g. Margutti et al.
2018). See Figure 1 for a depiction of the di↵erent ejecta components and EM signals.

Figure 1: Left panel: The optical/NIR “kilonova” and the X-ray, radio afterglows of GW170817.
The short-lived kilonova signal is powered by the radioactive decay of r-process nuclei, while the long-
lived X-ray and radio are synchrotron emission from fast-moving, wide-angle shocks. X-ray, Optical,
and radio emission is expected in 30–80% of NS-NS and NS-BH mergers. Right panel: The variety
of ejecta components, labeled in black font, and resulting EM signals, labeled in colored font, from
NS-NS and NS-BH mergers (adapted from Ioka & Nakamura 2017).

Despite the smashing success of the observing campaign surrounding GW170817, many fundamen-
tal questions about the NS merger process remain unanswered. What fraction of mergers produce
central engines and relativistic jets? How long do they operate, and how often are they able to
successfully penetrate the merger ejecta and radiate to on-axis observers as a classical SGRB? How
much energy is released in total? What is the maximum mass for a stable NS remnant? What will

1
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Figure 2. Top: HST/F606W light curve of the afterglow of
GW170817 spanning ⇡ 110.5 - 584.1 days (green points; observer
frame); downwards triangles denote 3� upper limits. The upper
limit at ⇡ 584.1 d is measured from the median-subtracted image,
while all other data points are measured from HOTPANTS residual
images. Also shown are a structured jet model and the range of
light curves describing the top 5% of models (black solid and dot-
dashed lines), and a quasi-spherical outflow model (dotted line; Wu
& MacFadyen 2018). Bottom: Magnitude difference, �m, between
published values in previous works (Alexander et al. 2018; Margutti
et al. 2018; Lyman et al. 2018; Lamb et al. 2019a; Piro et al. 2019)
and the new values measured in this work. Upward triangles denote
epochs which were previously reported as upper limits, and are now
detected in this work.

the radio band, there are available data for all epochs except
at �t ⇡ 137, 337 days, and 362 days. The data are taken
with the Karl G. Jansky Very Large Array (VLA) and the
Australia Telescope Compact Array (ATCA), spanning 2.5-
17 GHz (Alexander et al. 2018; Dobie et al. 2018; Margutti
et al. 2018; Mooley et al. 2018a,b,c; Troja et al. 2018c). We
also use a 6 GHz VLA observation at �t ⇡ 585 days, pre-
sented in Hajela et al. (in prep.).

In the X-ray band, we find relevant comparison Chan-
dra X-ray Observatory observations at five epochs. Previous
analyses of these observations have appeared in Nynka et al.
(2018); Margutti et al. (2018); Troja et al. (2018a); Pooley
et al. (2018); Ruan et al. (2018); Troja et al. (2018c); Lin
et al. (2019). Here, we use the fluxes and spectral parame-
ters calculated in Hajela et al. (in prep.), which serves as a
uniform analysis of all available Chandra data of the X-ray
afterglow of GW170817 to ⇡ 583.1 days. To enable compar-
ison of the X-ray observations to the optical and radio data,
we convert the 0.3 - 10 keV X-ray fluxes to flux densities,
F⌫,X , at a fiducial energy of 1 keV, using the derived photon
index, � at each epoch, where F⌫,X / ⌫�X and �X ⌘ 1 -�.
The radio and X-ray data, along with our HST photometry,
are displayed in Figure 3.
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Figure 3. Broad-band SED of the afterglow of GW170817 at nine
epochs of our HST observations, spanning ⇡ 110 - 584 days; fluxes
are scaled for clarity. The HST photometry in this paper (green
circles), radio afterglow (red squares; Margutti et al. (2018); Mooley
et al. (2018c); Dobie et al. (2018); Mooley et al. (2018b); Alexander
et al. (2018); Troja et al. (2018c), Hajela et al. in prep.), and X-ray
afterglow (blue diamonds; Hajela et al. in prep.) are shown. The
gray lines are best-fit power laws to the data at each epoch. 1�
uncertainties are plotted but the large majority are smaller than the
size of the symbols.

We use �2-minimization to fit the broad-band spectrum at
each epoch to a single power law model in the form F⌫ / ⌫� ,
characterized by spectral index � and a flux normalization
parameter. We fit all of the available data at each epoch sep-
arately. The resulting fits have �2

⌫ ⇡ 0.6 - 1.3, demonstrat-
ing that the single power law model is adequate to fit the
data over all epochs (Figure 3). The values for � and 1�
uncertainties are given in Table 2 and the temporal evolu-
tion is displayed in Figure 4. We calculate a weighted aver-
age of the spectral index across all epochs considered here of
h�i = -0.583±0.013.

4. DISCUSSION

4.1. Off-Axis Afterglow Properties

We present a revised light curve of the optical afterglow
of GW170817, relative to previous studies which have used
subsets of HST observations to derive measurements and up-
per limits of the afterglow in the F606W filter (Alexander
et al. 2018; Margutti et al. 2018; Lyman et al. 2018; Lamb
et al. 2019a; Piro et al. 2019). We calculate the difference
�m between the published values and the values presented
in this work (Figure 2). Overall, we find that the afterglow
in most epochs is systematically brighter than previously re-
ported, with differences of �m ⇡ -0.1-1 mag between pub-
lished values and the values presented in this work (Figure 2),

GW170817: Afterglow spectrum

Fong+19, also Margutti+18

Hallinan+17, Margutti+17,18, Troja+17,19, 
Haggard+17, Ruan+17,Lyman+18,Mooley+18
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Kinetic energy powers the 
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残光スペクトル　in GW170817

周波数およそ８桁にわたって単一ベキ則 
=> シンクロトロン放射、標準的な残光モ
デルですごくよく説明できる。 

加速電子は、４桁に渡って、 
dN/dγ ~ γ-p, where p ~ 2.16 

相対論的な衝撃波加速がとてもうまく働
いてるように見える. 
(e.g. Sironi & Spitkovsky 2011) 
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and � = �0.61+0.03
�0.07 (68% confidence interval, i.e. 1�;

see Table 2). We also introduced a scale factor into the
MCMC fit to explore a possible 25% o↵set in the ATCA
flux densities suggested by the spectral fits in §3.1. We
find that a scaling factor of ⇠20% is slightly preferred
over unity3.
Next we fit only the data in Table 1 together with

previous data at 0.65 GHz, 1.5 GHz, 3 GHz and 7.25
GHz referenced robustly with our method of flux de-
termination (Hallinan, Corsi et al. 2017; Mooley et al.
2018a; Dobie et al. 2018, flux density values given in
Table 3). Our best-fit values are given in Table 2, and
are consistent with the fit using all of the data above.
In particular we find ↵2 = �2.4+0.3

�0.4. Figure 2 shows
the multi-frequency radio data scaled to 3 GHz, and the
joint fit to these data (solid line). Figure 3 shows the
corner plot with the results of the MCMC fit.
By taking the limit in which the t�s↵1 term domi-

nates4 over the t�s↵2 term in the smoothly-broken power
law expression given above, we derive that the transition
from the power law rise to the power law decay takes
place between 158+13

�18 and 183+42
�15 days post-merger, i.e.

over a timescale of 24+58
�24 days. This implies that the

transition from ↵1 to ↵2 is fairly sharp, possibly taking
place over a small fraction of the time taken to reach the
light curve peak. We return to this point in §4.
The reduction in the uncertainties for ↵2 in the second

fit hints that there may still be systematic uncertainties
involved in the calibration across data taken from dif-
ferent telescopes and obtained at di↵erent frequencies.
Thus we chose to independently fit the 3 GHz VLA-
only data as was first done in (Mooley, Deller, Gottlieb
et al. 2018b). In this case, the light curve is too sparsely
sampled to be able to fit for the smoothness parame-
ter, and hence we use a simple broken power law model
(this corresponds to s ! 1) instead. Table 2 gives
the parameter values from the fitting, and we find that
↵2 = �2.2 ± 0.2. The decline is somewhat shallower
than, but in good agreement with, the smoothly-broken
power law model parameters. The remaining parame-
ters such as the slope of the rise, the peak flux density
and the time of peak all agree well with each other and

3
Median flux multiplication factor is 0.83 and the 68% confi-

dence interval is 0.75–1.07. Note that the scaling factor is required

for all ATCA data (reported here and previously). As an exper-

iment, we have also performed a fit without including an ATCA

flux scaling factor in the MCMC analysis, and the �2
is signifi-

cantly worse in this case as expected (87.4 versus 67.4). Never-

theless, we get ↵2 = 1.86+0.17
�0.23 without the scaling factor.

4
We derive the time at which one term dominates over the

other by a factor of ⇠20. The quoted time values are the median

of the distributions and their 16 and 84 percentiles are quoted as

the uncertainties.

Figure 2. The radio light curve of GW170817 spanning
multiple frequencies, and scaled to 3 GHz using the spec-
tral index (⌫�0.53) derived from our MCMC analysis. The
data from the VLA (filled black squares for 3 GHz and green
crosses for 1.5 GHz), the ATCA (blue circles), the MeerKAT
(green crosses) and the uGMRT (red diamonds for detections
and triangle for upper limit) are as reported in Table 1. We
also include the data at 0.65 GHz, 1.5 GHz, 3 GHz, and 7.25
GHz reported previously (Hallinan, Corsi et al. 2017; Moo-
ley et al. 2018a; Dobie et al. 2018). Our best-fit smoothed
broken power-law model to all these data (see §3.2) is shown
as a solid curve. The power-law decline index obtained is
�2.4+0.3

�0.4. For comparison, a broken power-law fit to the 3
GHz VLA-only data gives �2.2 ± 0.2. Both fits are thus
consistent with t�p decline in the light curve, where p is the
electron power-law distribution index.

with previous fits in the literature. The main point here
is that our key results are robust to di↵erent choices of
the data that we used in the fit.
Summarizing, we measure a sharp transition of the af-

terglow light curve of GW170817 about 170 days post-
merger with a steep power-law slope of ↵2 = �2.2. The
result confirms our earlier determination of ↵2 first re-
ported in Mooley, Deller, Gottlieb et al. (2018b). With
less data and a shorter time-baseline Dobie et al. (2018)
derive a more shallow decay index ↵2 = �1.6±0.2, which
is similar to the value that Alexander et al. (2018) find,
↵2 = �1.6+0.2

�0.3. Our more precise values of ↵2 lie within
the 68% confidence interval of Troja et al. (2018b) but
we measure a larger value for the smoothness parameter.

4. DISCUSSION

Before interpreting the light curve of GW170817 di-
rectly, it is illustrative to review the two asymptotes
of late-time light curve behavior from afterglow mod-
els. Afterglow spectra and the light curves of GRBs
have long been used to infer the geometry and dynam-
ical state of the ejecta (e.g. Galama et al. 1998; Har-

Mooley et al 18
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Figure 1: Proper motion of the radio counterpart of GW170817. The centroid offset posi-

tions (shown by 1� errorbars) and 3�-12� contours of the radio source detected 75 d (black)

and 230 d (red) post-merger with Very Long Baseline Interferometry (VLBI) at 4.5 GHz. The

two VLBI epochs have image RMS noise of 5.0 µJy beam�1 and 5.6 µJy beam�1 (natural-

weighting) respectively, and the peak flux densities of GW170817 are 58 µJy beam�1 and 48 µJy

beam�1 respectively. The radio source is consistent with being unresolved at both epochs. The

shape of the synthesized beam for the images from both epochs are shown as dotted ellipses to the

lower right corner. The proper motion vector of the radio source has a magnitude of 2.7± 0.3 mas

and a position angle of 86o ± 18o, over 155 d.

超光速度ジェット in GW170817
VLBI: Mooley…KH (2018)

Day 75Day 240

1, 電波源が155日間に  
     2.7 mas　動いた！ 
 => 2.7 mas ~ 0.5 pc (at 40Mpc) 

�app = 4.1± 0.4 at 41Mpc

2, 電波源は点源と無矛盾 
=>動きに比べて広がりが小

さい

これは絞られた相対論的ジェットを斜めから観測したことを強く支持する



超光速度ジェット in GW170817
VLBI: Mooley…KH (2018)

1, 電波源が155日間に  
     2.7 mas　動いた！ 
 => 2.7 mas ~ 0.5 pc (at 40Mpc) 

�app = 4.1± 0.4 at 41Mpc

2, 電波源は点源と無矛盾 
=>動きに比べて広がりが小

さい

もしも、これを正面から見ていれば、強いshort GRBが見えたはず。
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GW + light curve + VLBI => H0

3-4% of a systematic uncertainty due to jet modeling 

the information about the host galaxy NGC4993 (see Methods)15. Figure 2 depicts the poste-84

rior distribution for H0 for a PLJ model and that of the GW-only analysis15, 27. The constraint85

is improved from the GW-only analysis, 74+16
�8 km/s/Mpc, to 68.1+4.5

�4.3 km/s/Mpc (median and86

symmetric 68% credible interval). Also depicted in Figure 2 are the regions determined by the87

Planck CMB3 and SH0ES Cepheid-supernova distance ladder surveys4 respectively. Figure 388

shows the posterior distributions for H0 with the different jet models: hydrodynamics simula-89

tion jet (0.25 < ✓obs

⇣
d

41 Mpc

⌘
< 0.5 rad), PLJ, and GJ models. The medians and 68% credible90

intervals are 70.3+5.3
�5.0, 68.1+4.5

�4.3, and 68.3+4.4
�4.3 km/s/Mpc, respectively, corresponding to a precision91

of 6–7% at 1-� level. These are consistent with that estimated by using the surface brightness92

fluctuation technique applied to NGC 499328. The sources of errors in our analysis are the GW93

data, the shape of the light curve, the centroid motion, and the peculiar velocity of the host galaxy.94

While the constraint on ✓obs is slightly different between the three models, the systematic error95

in H0 due to this difference is much smaller than 7%. This is because the uncertainty in H0 of96

our analysis is dominated by both the GW data and the peculiar motion of NGC 4993 (contrary97

to the GW-only analysis, where the uncertainty in the observing angle is a major source of error).98

Finally, it is important to bear in mind that our result does not depend on the spin prior in the GW99

analysis27 (see Methods).100

Our new analysis, which is based on this single event, improves the H0 measurement to101

a precision of ⇠ 7% but it does not resolve the discrepancy between Planck and SH0ES yet. We102

expect that the precision of the measurement will improve by observing more merger events similar103

to GW170817, i.e, mergers with detectable jet afterglows. In the coming years, several to tens of104
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Fig. 1.— Comprehensive 3 GHz light curve of GW170817 as presented in our recent work (Makhathini et al. 2020), together with our
latest measurement in the radio (3 GHz, latest yellow data point in the grey, shaded region) and X-rays (latest purple data point in the grey,
shaded region, extrapolated to 3 GHz using the spectral index constraints derived from modeling the full data set. The best fit structured
jet model for GW170817 is also plotted (top panel, black line). As evident from the lower panel, our radio measurement is compatible
with the tail of the GW170817 jet within the large errors. On the other hand, the X-rays seem to show a more significant discrepancy and
suggest that a kilonova flare may be taking over the emission (Hajela et al. 2020a, 2021; Troja et al. 2020).

2.2. X-ray Data

We reprocessed and analyzed the Chandra ACIS-S
observations of the GW170817 field obtained between
2020 December 10 and 2021 January 27 (obsIDs 22677,
24887, 24888, 24889, 23870, 24923, 24924; 150.5 ks,
PI Margutti) using the same procedure described in
Makhathini et al. (2020). For observations where the
source was not apparent, we used the relative position of
the other X-ray sources in the field of view to determine
the source extraction region. By combining the spec-
tral products of all 7 observations and fitting the data
with an absorbed power-law model where hydrogen col-
umn density NH has been fixed to the Galactic value
and the photon index � = 1 � � has been fixed to 1.57

(Makhathini et al. 2020), we find an unabsorbed flux den-
sity of (2.1+0.7

�0.6) ⇥ 10�4 µJy at 2.4 ⇥ 1017 Hz (1 keV; 1�
uncertainty). To investigate if � is di↵erent from 1.57,
we refitted the Chandra data leaving � as a free parame-
ter. From the 2020 December–January 2021 data we find
� = 2.16+1.48

�1.18. If we additionally combine the 96.6 ks of

data obtained in 2020 March, we get � = 0.98+0.77
�0.76 (90%

uncertainties). Hence, in both cases, the value of � is
consistent (well within the 90% confidence interval) with
� = 1.57. Our results are also consistent with Hajela
et al. (2020a, 2021); Troja et al. (2020).

3. DISCUSSION

最新の観測 (たいへん)：
• X線が落ちなくなった (PI: 

Margutti, 190ks, rms~0.4e-15 
erg/s/cm^2) 

• 電波は減光 (PI: Corsi ~25hr, 
rms ~ 0.99 uJy)

(1) これまでのように、単一ベキならp~2 
ジェットではなくキロノバエジェクタが
見え始めたか？(e.g. KH, Kiuchi, 
Shibata+18)  非相対論フェルミ加速？ 
そうであれば、今後、電波も増光。 

(2) X線だけ残光に比べて増光したのか？ 
Fall-back disk (Ishizaki + 21, Metzger & 
Fernandez 21)

Balasubramanian, …KH et al 21 and Hajela + 21
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Figure 1. ASKAP imaging of the localisation region of GW190814 at 234 (bottom right) and 260 (top left, rotated as discussed in Section 2) days post-merger
with both footprints outlined in grey. The 50% (dashed) and 90% (solid) contours for the initial and final skymaps are shown in red and blue respectively.

• A ratio of integrated to peak flux density < 1.5
• Maximum signal-to-noise ratio in a single epoch larger than 5
• 2 selavy detections
• No relations5

• Distance to nearest source > 1 0

which reduced our sample size from 66 117 to 10 254. We note
that the final two criteria mean that this search is not sensitive to
mergers ocurring in radio-loud hosts. While this scenario is unlikely
(Hotokezaka et al. 2016), for completeness we have carried out a
galaxy-targeted search independent of the above criteria which we
describe in Section 2.2.2.

244.0pt
\T1/ntxtlf/m/n/9
We calculated the standard [ and + variability metrics6 for the

peak flux density of the remaining sources in our sample (see Figure
2) and fit a Gaussian to the distribution of the logarithm of each
metric to calculate the mean, `, and standard deviation, f. Based on
Rowlinson et al. (2019) we consider sources with [ > `[ + 1.5f[
and + > `+ + 1.0f+ to be significantly variable, corresponding to

5 See https://vast-survey.org/vast-pipeline/design/
association/#relations
6 See https://vast-survey.org/vast-pipeline/design/
sourcestats/#v-and-metrics

[ > 2.1 and + > 0.24 for this dataset. This resulted in 186 candidate
variable sources.

We then manually classified all sources via inspection of their
lightcurves and images. We found that 81 candidates were clearly
artefacts. These sources are either sidelobes of bright sources, noise
spikes incorrectly classified as sources, or sources that are at the
near the edge of the epoch 6 footprint and do not pass the variability
threshold after removing that measurement. We classified an addi-
tional 84 candidates as either potential artefacts or variable sources
detected at low significance. Finally, we found that 10 candidates with
lightcurves that are consistent with persistent radio sources exhibit-
ing variability. Of these, one is a known pulsar (PSR J0038�2501),
while the remaining nine have infrared counterparts in the Wide-field
Infrared Survey explorer All-sky data release (WISE; Cutri & et al.
2012) and are therefore likely AGN. This leaves 11 sources with
lightcurves that exhibit a rise and fall consistent with expectations
for a radio transient. We discuss these in detail in Section 3.1

2.2.2 Galaxy-targeted search

We also carried out an independent galaxy-targeted search using
version 2.4 of the GLADE catalogue (Dálya et al. 2018). We searched
for GLADE sources within 2000of all 66 117 sources found by the
VAST pipeline. This crossmatch radius corresponds to a physical

MNRAS 000, 1–11 (2021)

~ 30 deg2 

0.9GHz 
2-655 days 
10 epochs 
~ 40 uJy 

Dobie…KH+ in prep.

Astrophysical variables found here are mostly AGNs.
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Unbiased radio surveys
Completed 
• Caltech-NRAO Stripe 82 Survey (2013-2015, Mooley+16) 
3GHz, 5 epochs, 270 deg2 , 80μJy 

• Variable And Slow Transients Survey pilot (2019-2020, Murphy+2021)  
0.9 GHz, 5-13 epochs, 1646 deg2 , 240 μJy 

• GW190814 unbiased follow-up (2019-2021, Dobie + in prep) 
0.9 GHz, 10 epochs, 30 deg2 , 40μJy 

On-going and the near future 
• VLA All Sky Survey (Lacy + 2020, 2017 - 2024) 
3GHz,  30000 deg2 , 70μJy 

• ThunderKAT  (Fender+2017) 
1.4 GHz, South, 30 μJy 

• VAST survey (Murphy+2013, 2022-) 
0.9GHz, xx epochs, South, 60μJy



Radio transient sky in 2021

Figure 22. Top: the phase space of slow extragalactic transients. The panel shows the upper limits to the transient rates from previous radio surveys (colored wedges;
95% confidence), the rates derived from radio transient detections (2σ error bars), and the expected transient rates. The transient detection labeled as “Le+02”
represents an SN II having a peak radio luminosity of 3×1027 erg s−1 Hz−1 and an evolution timescale of ∼15 yr (Levinson et al. 2002; Gal-Yam et al. 2006). The
one labeled “Ba+11” is a nuclear transient, SUMSS J060938–333508, with a peak radio luminosity of 6×1029 erg s−1 Hz−1 and an evolution timescale of <5 yr
(Bannister et al. 2011a, 2011b, K. Bannister 2015, private communication). All observed quantities are color-coded according to the observing frequency. The solid
gray line is the rate claimed by Bower et al. (2007), plotted for reference. The upper limit to the extragalactic transient rate from our pilot survey (this work) and the
phase space probed by the full CNSS survey are shown as thick green wedges. The phase space probed by the VLA Sky Survey all-sky tier (VLASS) is also shown.
The solid red line denotes the source counts from the FIRST survey, and the dashed red line denotes the approximate counts for strong variables at 1.4 GHz (1% of the
persistent sources). Bottom: the Galactic transient phase space. Symbols have similar meanings as in the top panel. Black solid lines denote the source counts from the
FIRST and the MAGPIS 1.4 GHz surveys. The source counts for variable Galactic sources approximated from Becker et al. (2010) are shown as a blue dashed line.
The transient rate for active binaries resulting from our pilot survey is shown by the green error bar, and the upper limit for the rate of all other classes of Galactic
transients is denoted by a thick green wedge. See Section 7.2 for more details.
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Figure 22. Top: the phase space of slow extragalactic transients. The panel shows the upper limits to the transient rates from previous radio surveys (colored wedges;
95% confidence), the rates derived from radio transient detections (2σ error bars), and the expected transient rates. The transient detection labeled as “Le+02”
represents an SN II having a peak radio luminosity of 3×1027 erg s−1 Hz−1 and an evolution timescale of ∼15 yr (Levinson et al. 2002; Gal-Yam et al. 2006). The
one labeled “Ba+11” is a nuclear transient, SUMSS J060938–333508, with a peak radio luminosity of 6×1029 erg s−1 Hz−1 and an evolution timescale of <5 yr
(Bannister et al. 2011a, 2011b, K. Bannister 2015, private communication). All observed quantities are color-coded according to the observing frequency. The solid
gray line is the rate claimed by Bower et al. (2007), plotted for reference. The upper limit to the extragalactic transient rate from our pilot survey (this work) and the
phase space probed by the full CNSS survey are shown as thick green wedges. The phase space probed by the VLA Sky Survey all-sky tier (VLASS) is also shown.
The solid red line denotes the source counts from the FIRST survey, and the dashed red line denotes the approximate counts for strong variables at 1.4 GHz (1% of the
persistent sources). Bottom: the Galactic transient phase space. Symbols have similar meanings as in the top panel. Black solid lines denote the source counts from the
FIRST and the MAGPIS 1.4 GHz surveys. The source counts for variable Galactic sources approximated from Becker et al. (2010) are shown as a blue dashed line.
The transient rate for active binaries resulting from our pilot survey is shown by the green error bar, and the upper limit for the rate of all other classes of Galactic
transients is denoted by a thick green wedge. See Section 7.2 for more details.
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VAST pilot 
(30 d)

Mooley + 2016

Dobie..KH+ in prep (ASKAP) 
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Implication to the magnetar 
formation in BNS merger

LIGO/Virgo BNS merger rate : RGW = 320+490-240 Gpc-3 yr-1

if some fraction of BNSs, f, form a magnetar, we expect  

motion on the peak time is only a factor of a few, compared to
the Newtonian case. The peak flux can also vary by an order of
magnitude. If we take the case of n=0.1 as an example, the
peak luminosity and time in the naive Newtonian case would
have been x q2 1040 erg s−1, and ≈930 days, compared to
x q4 1041 erg s−1, and ≈200 days, in the full relativistic
calculation.

4. COMPARISON OF THE MAGNETAR MODEL
WITH OBSERVATIONS

As seen in Figure 1, we can rule out a large fraction of the E-
n phase space for both GRB 130603B and GRB 060614. A
main uncertainty in the determination of radio flare signals
involves the external density of the ISM. The surrounding
circumburst density is typically determined from the analysis of
the GRBʼs afterglow. However, this determination typically
suffers from numerous uncertainties and degeneracies between
this density and other afterglow parameters (in particular, with
�B). For example, Fong et al. (2014) analyzed X-ray, optical,
and radio observations of the afterglow of GRB 130603B. They
find that the possible circumburst density ranges from 0.005 to

�30 cm 3. This large range of uncertainty demonstrates the
difficulty in estimating the density even when afterglow
information is available in three bands. Xu et al. (2009) have
analyzed the afterglow of GRB 060614. They find that a
density of �0.04 cm 3 is consistent with the data, but they do not
try to bracket it. The range of values of the ISM densities for
both GRB 130603B and GRB 060614 are within the range that
we have discussed here and are both sufficiently large to rule
out the canonical magnetar model.

In light of the uncertainty in the ISM density and the
microphysical parameters, we present in Figure 3 different
areas in the �M Eej phase space that can be ruled out for
various ISM density and �B values. This large phase space, as in
Figure 1, accounts not only for the magnetar scenario
(discussed below) but also for the cases where there is no
additional energy injection such as the “standard” non-
relativistic macronova scenario presented in Nakar &
Piran (2011).

Assuming that a magnetar output energy is q3 1052 erg,
then even for a very low ISM density � �n 0.001 cm 3 and for a
relatively low energy conversion of shockwave energy to

magnetic fields, � _ 0.01B , the expected radio signals at the
time of our radio observations for both events are above our
detection limits. Given that we did not detect any radio
emission, this rules out the fiducial magnetar model for
macronova events associated with GRBs.
It is worth mentioning that the above conclusion is based on

the assumption of spherical symmetry. Deviations from
spherical symmetry, that are expected, would somewhat reduce
the signal and delay the peak time (Margalit & Piran 2015).
However, this amounts only to about 10% difference in peak
luminosity and a factor of ∼2 in peak time. We cannot rule out
a magnetar with a large mass ejection (� :M0.1 ) in a low
density environment by the absence of radio emission. The
velocity of this large ejecta mass will be non-relativistic and is
expected to produce weak emission below our detection limits
(Figure 2). Other cases where the radio emission can be highly
suppressed is an even more extreme case, where a minute
amount of energy is converted in the shock to magnetic fields,
i.e., � � 0.001B . Atypical high ISM density will also lead to
suppression of the radio signal because the optical depth will
increase.

5. SUMMARY

Compact binary mergers are expected to be followed by a
macronova emission and long-lasting radio emission. In this
paper, we have searched for this radio signal including the one
that is predicted specifically by the magnetar scenario. In this
latter case, a merger results in highly magnetized ns that
deposits energy into a small amount of ejecta mass that
becomes relativistic. If this relativistic ejecta interacts with an
ISM that is not too dilute, it is expected to produce a bright
radio emission that will peak over timescales of months to
years.
Our search was focused on the two GRBs (GRB 130603B &

GRB 060614) that were the first to exhibit macronova-like
emission, thus indicating the ejection of a small amount of
mass, a condition needed for the late production of a radio flare.
Therefore, we have observed these GRB positions at late times
with the VLA and the ATCA telescopes. Our radio observa-
tions resulted in null-detections. Comparing the predicted radio
emission with our upper limits, we can rule out a wide range of
kinetic energies, ejecta masses, ISM densities, and

Figure 2. Predicted radio light curves in the magnetar scenario when both relativistic effects and synchrotron self absorption are included. The light curves are
calculated assuming kinetic energy of � qE 3 10k

52 erg and a range of ISM densities (see the legend). Solid triangles represent the late-time radio observations (see
Section 2).
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motion on the peak time is only a factor of a few, compared to
the Newtonian case. The peak flux can also vary by an order of
magnitude. If we take the case of n=0.1 as an example, the
peak luminosity and time in the naive Newtonian case would
have been x q2 1040 erg s−1, and ≈930 days, compared to
x q4 1041 erg s−1, and ≈200 days, in the full relativistic
calculation.

4. COMPARISON OF THE MAGNETAR MODEL
WITH OBSERVATIONS

As seen in Figure 1, we can rule out a large fraction of the E-
n phase space for both GRB 130603B and GRB 060614. A
main uncertainty in the determination of radio flare signals
involves the external density of the ISM. The surrounding
circumburst density is typically determined from the analysis of
the GRBʼs afterglow. However, this determination typically
suffers from numerous uncertainties and degeneracies between
this density and other afterglow parameters (in particular, with
�B). For example, Fong et al. (2014) analyzed X-ray, optical,
and radio observations of the afterglow of GRB 130603B. They
find that the possible circumburst density ranges from 0.005 to

�30 cm 3. This large range of uncertainty demonstrates the
difficulty in estimating the density even when afterglow
information is available in three bands. Xu et al. (2009) have
analyzed the afterglow of GRB 060614. They find that a
density of �0.04 cm 3 is consistent with the data, but they do not
try to bracket it. The range of values of the ISM densities for
both GRB 130603B and GRB 060614 are within the range that
we have discussed here and are both sufficiently large to rule
out the canonical magnetar model.

In light of the uncertainty in the ISM density and the
microphysical parameters, we present in Figure 3 different
areas in the �M Eej phase space that can be ruled out for
various ISM density and �B values. This large phase space, as in
Figure 1, accounts not only for the magnetar scenario
(discussed below) but also for the cases where there is no
additional energy injection such as the “standard” non-
relativistic macronova scenario presented in Nakar &
Piran (2011).

Assuming that a magnetar output energy is q3 1052 erg,
then even for a very low ISM density � �n 0.001 cm 3 and for a
relatively low energy conversion of shockwave energy to

magnetic fields, � _ 0.01B , the expected radio signals at the
time of our radio observations for both events are above our
detection limits. Given that we did not detect any radio
emission, this rules out the fiducial magnetar model for
macronova events associated with GRBs.
It is worth mentioning that the above conclusion is based on

the assumption of spherical symmetry. Deviations from
spherical symmetry, that are expected, would somewhat reduce
the signal and delay the peak time (Margalit & Piran 2015).
However, this amounts only to about 10% difference in peak
luminosity and a factor of ∼2 in peak time. We cannot rule out
a magnetar with a large mass ejection (� :M0.1 ) in a low
density environment by the absence of radio emission. The
velocity of this large ejecta mass will be non-relativistic and is
expected to produce weak emission below our detection limits
(Figure 2). Other cases where the radio emission can be highly
suppressed is an even more extreme case, where a minute
amount of energy is converted in the shock to magnetic fields,
i.e., � � 0.001B . Atypical high ISM density will also lead to
suppression of the radio signal because the optical depth will
increase.

5. SUMMARY

Compact binary mergers are expected to be followed by a
macronova emission and long-lasting radio emission. In this
paper, we have searched for this radio signal including the one
that is predicted specifically by the magnetar scenario. In this
latter case, a merger results in highly magnetized ns that
deposits energy into a small amount of ejecta mass that
becomes relativistic. If this relativistic ejecta interacts with an
ISM that is not too dilute, it is expected to produce a bright
radio emission that will peak over timescales of months to
years.
Our search was focused on the two GRBs (GRB 130603B &

GRB 060614) that were the first to exhibit macronova-like
emission, thus indicating the ejection of a small amount of
mass, a condition needed for the late production of a radio flare.
Therefore, we have observed these GRB positions at late times
with the VLA and the ATCA telescopes. Our radio observa-
tions resulted in null-detections. Comparing the predicted radio
emission with our upper limits, we can rule out a wide range of
kinetic energies, ejecta masses, ISM densities, and

Figure 2. Predicted radio light curves in the magnetar scenario when both relativistic effects and synchrotron self absorption are included. The light curves are
calculated assuming kinetic energy of � qE 3 10k

52 erg and a range of ISM densities (see the legend). Solid triangles represent the late-time radio observations (see
Section 2).
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300Gpc�3

⌘

<latexit sha1_base64="CCemWemkMyNwNDjSIbSkCR6x48k="></latexit>

Now the observed density is ~ 0.0017 at 1 mJy, 
suggesting f < 0.1. 

With full VLASS data, f will be limited down to 
1.0e-3 or even stronger.



Caltech-NRAO Stripe 82 Survey

Radio-Discovered Tidal Disruption Event CNSS J0019+00 3

2.2. CNSS J001947.3+003527

CNSS J0019+00 was first detected in CNSS epoch 4 on 2015 March 21 at a 3GHz flux density of 4.4± 0.1mJy at
the position (R.A., decl.) = (00h19m47s.3,+00�3502700). It was not detected in the first three epochs of CNSS between
2013 December and 2014 February at a 3� upper limit of 0.14mJy in the combined epochs 1–3 coadded image, and
was therefore identified as a candidate transient event. There is no coincident source in the Faint Images of the Radio
Sky at Twenty-cm (FIRST; Becker et al. 1995) survey, with a 0.5mJy 3� upper limit at 1.4GHz (mean epoch 1999)
at the location of CNSS J0019+00. By CNSS epoch 5 on 2015 April 19, the transient had increased to a 3GHz flux
density of 5.1± 0.1mJy.
One method by which extragalactic transients were identified in CNSS was through the cross-matching of radio

transient candidates with galaxy catalogs for the local universe, which are typically developed for gravitational-wave
event follow-up. For this work, the Census of the Local Universe (CLU; Cook et al. 2019) was used to identify
objects out to a volume of 200Mpc, for which we expect a very low false-positive rate due to background active
galactic nuclei (AGNs). Candidate transients identified in CNSS were cross-matched with CLU galaxies using a 30 kpc
projected radius for each galaxy, with the aim of identifying radio transients associated with explosive events, including
TDEs, supernovae (SNe), and gamma-ray burst (GRB) orphan afterglows. CNSS J0019+00 was the only significant
extragalactic transient identified on timescales shorter than the duration of the survey, rather than through comparison
to existing surveys (e.g., FIRST). Cross-matching with CLU and SDSS established that CNSS J0019+00 is coincident
with the nucleus of a Seyfert 2 galaxy (SDSS J0019+00) at a distance of 77.1Mpc (z = 0.018). After its discovery,
follow-up observations of CNSS J0019+00 were carried out at radio, X-ray, and optical wavelengths. Figure 1 shows
the 3GHz light curve and observation timeline for CNSS J0019+00.
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Figure 1. CNSS J0019+00 3GHz light curve. The 0.14mJy upper limit is from the non-detection in CNSS epochs 1–3. The
3 GHz flux densities are from CNSS epochs 4 and 5, and 4 follow-up observations of CNSS J0019+00 with the VLA spanning
approximately 1.5 yr post-discovery. The Xs and O mark the dates of follow-up Swift and Keck II DEIMOS observations,
respectively. The dates are referenced to the approximate explosion date on MJD 56580, as determined by fitting the radio
SEDs (see Section 3).

2.3. VLA Observations

Following the discovery of CNSS J0019+00 in 2015 March, we continued to monitor the source with the VLA over
the course of the next 14 months (under program codes 15A-421, PI: Gregg Hallinan; 15B-364, PI: Kunal Mooley;
and 16A-237, PI: Shri Kulkarni). It was observed from L through Ku band (1–16GHz) in order to fully sample the
spectrum of the source across four follow-up epochs, spanning 2015 May 10 – 2016 July 8. The follow-up spectra of

12 Anderson et al.

Figure 7. CNSS J0019+00 host galaxy (SDSS J0019+00) properties. Left: Three-color SDSS image cutout (3000 ⇥ 4000) of the
host galaxy of CNSS J0019+00, located at z = 0.018 (77 Mpc). Middle: Plot of the H↵ emission line equivalent widths versus
the Lick H�A indices. These parameters measure the current and past star formation rates respectively. SDSS galaxies (MPI-
JHU catalog; https://wwwmpa.mpa-garching.mpg.de/SDSS/DR7/) are shown in gray, optically-selected TDE hosts (sample
from Law-Smith et al. 2017; French et al. 2016, 2017; Mattila et al. 2018; Holoien et al. 2019) are shown as blue circles, and the
host galaxy of CNSS J0019+00 is shown as a red star. The H↵ emission from SDSS J0019+00 is dominated by the AGN, and
the shows enhanced Lick H�A index, similar to the optically-selected TDE hosts. The solid and dashed lines in the bottom-left
corner demarcate the region corresponding to 0.2% of SDSS galaxies and 2% of SDSS galaxies respectively. The errorbar on the
top right represents the typical uncertainty in the Lick H�A index. Right: The BPT (O III/H� versus N II/H↵) diagram. SDSS
galaxies, optically-selected TDE hosts, and the host galaxy of CNSS J0019+00 are shown with similar markers as the middle
panel. SDSS J0019+00 lies securely in the AGN/Seyfert region of the BPT diagram. See Section 4 for details.

of 9⇥ 109 M�. All of these measurements indicate a high central concentration of stars, consistent with the trend of
TDE host galaxies having more centrally concentrated stellar populations (Law-Smith et al. 2017; French et al. 2020).
The middle panel of Figure 7 plots the H↵ emission line equivalent widths versus the Lick H�A indices (or equivalently,

the current versus past star formation rates) for SDSS galaxies, optically-selected TDE host galaxies and SDSS
J0019+00. The enhanced Lick H�A index indicates that SDSS J0019+00 is very similar to other TDE hosts in
terms of stellar composition (abundance of A-type stars). The H↵ emission from SDSS J0019+00 is dominated by
the AGN, and hence the apparent distinct location of this galaxy, compared to other TDE hosts, on this plot. SDSS
J0019+00 could be related to shocked post-starburst galaxies, e.g. the host galaxy of ASASSN-19bt (Holoien et al.
2019, see Figure 2 of that paper), which are similar to E+A galaxies that are known to host several optically-selected
TDEs but have higher dust obscuration. The right panel of Figure 7 shows the BPT diagram for SDSS J0019+00,
which shows the galaxy being located distinctly above the canonical line separating star-forming galaxies from AGNs.
Nebular line flux ratios from the SDSS spectrum (Figure 7) indicate that this galaxy is consistent with being a Seyfert
2.
Taken together, the galaxy morphology and old stellar population point toward SDSS J0019+00 being consistent

with a typical TDE host galaxy. We will return to this point in the next section.

5. SUMMARY & DISCUSSION

We have reported on the discovery of the radio transient CNSS J0019+00, which was found during CNSS, a dedicated
transient survey carried out with the VLA. Triggered radio follow-up observations together with our equipartition
analysis suggests a ⇠ 15, 000 km s�1 outflow having energy of approximately 1049 erg. We note this is consistent with
the predictions of Lu & Bonnerot 2020 for a non-relativistic collision-induced outflow in TDEs. The transient is
located on the nucleus of a Seyfert 2 galaxy at a redshift of z = 0.018. The position of the galaxy nucleus in Gaia

and the location of the radio transient in our VLBA observations are consistent to within 1 pc. Taken together, this
indicates that CNSS J0019+00 is likely the first radio-discovered TDE, and possibly the third such radio detection of
a non-jetted TDE.
We now consider possible alternative explanations for CNSS J0019+00. Type II supernovae (SNII) are among the

class of radio transients that have the largest rates (Gal-Yam et al. 2006; Mooley et al. 2016) and have spectral
evolution similar to that observed for our CNSS transient. Hence we explore the possibility of CNSS J0019+00 being
a SNII. Firstly, we find that the host galaxy, SDSS J0019+00, is unusual for SNII: it is an S0 galaxy, has low sSFR,

(Anderson + 20)

CNSS J0019+0035: a nucleus radio transient in a S0-
Seyfert galaxy at 77 Mpc.  
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Fig. 1 Literature TDE radio observations. To date, nine TDEs have published radio
detections: Sw J1644+57, SwJ2058+05, SwJ1112-82, IGR J12580+0134, ASASSN-14li,
XMMSL1 J0740-85, Arp 299-B AT1, CNSS J0019+00, and AT2019dsg (colored circles;
see Table 1 and references therein). Although most of the detected TDEs were observed at
multiple frequencies, for simplicity we show only a single frequency for each event (8.4 GHz
for Arp 299-B AT1 and AT2019dsg, 5 GHz for all others). An additional 23 events have
published upper limits (gray triangles; a key to the labels is given in the first column of
Table 2). When a non-detected TDE was observed at multiple frequencies on the same date,
we show only the most constraining limit. All upper limits are 3�.

generally assume that both radio-loud and radio-quiet TDEs are powered by
the disruption of a star, the parameters of the disruption could be di↵erent.
Radio-loud TDEs also exhibit bright high-energy emission and are discussed
in more detail by Zauderer et al. (2020) in this volume. Their unique prop-
erties are generally attributed to the fact that they launch very energetic
relativistic jets viewed on-axis, while other TDEs either launch jets viewed
o↵-axis or do not launch energetic jets. (O↵-axis jets will have a much fainter
peak luminosity than on-axis jets because the radio emission is suppressed at
early times by Doppler beaming, as discussed above.) Di↵erences in param-
eters such as circumnuclear density, magnetic field strength or configuration,
black hole spin, and disruption geometry may also contribute to the observed
wide range of TDE radio luminosities (e.g. Giannios and Metzger 2011; van
Velzen et al. 2011; van Velzen et al. 2013; Krolik et al. 2016; Generozov et al.
2017; Yalinewich et al. 2019). The impact of host galaxy environment on TDE

Alexander + 20

Radio zoo of tidal disruption events.

Jet TDEs

Thermal TDEs
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Radio transient sky in 2021

Figure 22. Top: the phase space of slow extragalactic transients. The panel shows the upper limits to the transient rates from previous radio surveys (colored wedges;
95% confidence), the rates derived from radio transient detections (2σ error bars), and the expected transient rates. The transient detection labeled as “Le+02”
represents an SN II having a peak radio luminosity of 3×1027 erg s−1 Hz−1 and an evolution timescale of ∼15 yr (Levinson et al. 2002; Gal-Yam et al. 2006). The
one labeled “Ba+11” is a nuclear transient, SUMSS J060938–333508, with a peak radio luminosity of 6×1029 erg s−1 Hz−1 and an evolution timescale of <5 yr
(Bannister et al. 2011a, 2011b, K. Bannister 2015, private communication). All observed quantities are color-coded according to the observing frequency. The solid
gray line is the rate claimed by Bower et al. (2007), plotted for reference. The upper limit to the extragalactic transient rate from our pilot survey (this work) and the
phase space probed by the full CNSS survey are shown as thick green wedges. The phase space probed by the VLA Sky Survey all-sky tier (VLASS) is also shown.
The solid red line denotes the source counts from the FIRST survey, and the dashed red line denotes the approximate counts for strong variables at 1.4 GHz (1% of the
persistent sources). Bottom: the Galactic transient phase space. Symbols have similar meanings as in the top panel. Black solid lines denote the source counts from the
FIRST and the MAGPIS 1.4 GHz surveys. The source counts for variable Galactic sources approximated from Becker et al. (2010) are shown as a blue dashed line.
The transient rate for active binaries resulting from our pilot survey is shown by the green error bar, and the upper limit for the rate of all other classes of Galactic
transients is denoted by a thick green wedge. See Section 7.2 for more details.
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Figure 22. Top: the phase space of slow extragalactic transients. The panel shows the upper limits to the transient rates from previous radio surveys (colored wedges;
95% confidence), the rates derived from radio transient detections (2σ error bars), and the expected transient rates. The transient detection labeled as “Le+02”
represents an SN II having a peak radio luminosity of 3×1027 erg s−1 Hz−1 and an evolution timescale of ∼15 yr (Levinson et al. 2002; Gal-Yam et al. 2006). The
one labeled “Ba+11” is a nuclear transient, SUMSS J060938–333508, with a peak radio luminosity of 6×1029 erg s−1 Hz−1 and an evolution timescale of <5 yr
(Bannister et al. 2011a, 2011b, K. Bannister 2015, private communication). All observed quantities are color-coded according to the observing frequency. The solid
gray line is the rate claimed by Bower et al. (2007), plotted for reference. The upper limit to the extragalactic transient rate from our pilot survey (this work) and the
phase space probed by the full CNSS survey are shown as thick green wedges. The phase space probed by the VLA Sky Survey all-sky tier (VLASS) is also shown.
The solid red line denotes the source counts from the FIRST survey, and the dashed red line denotes the approximate counts for strong variables at 1.4 GHz (1% of the
persistent sources). Bottom: the Galactic transient phase space. Symbols have similar meanings as in the top panel. Black solid lines denote the source counts from the
FIRST and the MAGPIS 1.4 GHz surveys. The source counts for variable Galactic sources approximated from Becker et al. (2010) are shown as a blue dashed line.
The transient rate for active binaries resulting from our pilot survey is shown by the green error bar, and the upper limit for the rate of all other classes of Galactic
transients is denoted by a thick green wedge. See Section 7.2 for more details.

24

The Astrophysical Journal, 818:105 (27pp), 2016 February 20 Mooley et al.

VAST pilot 
(30 d)

Mooley + 2016

Dobie..KH+ in prep (ASKAP) 
Anderson+20 (VLA) 
Murphy+21 (ASKAP)

GW190814 
day - year

N(> S) ⇡ 10�4 deg�2
⇣

S
1mJy

⌘�3/2 �
L⌫
1029

�3/2 ⇣ ṅ�t
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VLA-All Sky Survey (VLASS)
Radio transients for known SNe and GRBs VLASS detected supernovae 5
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Figure 2. VLASS-SNe detections in the context of H-rich SNe (red), H-poor SNe (blue) SNe and long GRBs (gray). A number
of the VLASS observations were taken at a later stage than SNe are typically observed and detected at radio wavelengths, and
show brighter emission than would be expected at this epoch. Notably, the H-poor VLASS-SNe were observed years after the
radio emission (at &1 GHz) from this class typically fades. Archival radio light curves for VLASS detected SNe are included:
SN 1986J (3� 5GHz; Bietenholz & Bartel 2017), SN 2003bg (4.86GHz; Soderberg et al. 2006a), SN 2004C (4.9GHz; DeMarchi
in prep.), SN 2004dk (3 � 5GHz; Wellons et al. 2012; Balasubramanian et al. 2021), PTF11qcj (3 � 4GHz; Palliyaguru et al.
2019a), SN 2012ap (3GHz extrapolation based on radio SED modeling; Chakraborti et al. 2015), SN 2012au (3�4GHz; Kamble
et al. 2014a, Terreran et al. in prep.), SN 2014C (7.1GHz; Margutti et al. 2017), and SN2016coi (3GHz; Terreran et al. 2019).
The archival radio observations of SNe are from Bietenholz et al. (2021), and the archival long GRBs are from Chandra & Frail
(2012). Most archival historical light curves are at 8.6GHz, as the 3 GHz light curves are not well sampled. From the VLASS
detected sample, SDSS-II SN 8524 is not included since it has neither a known host galaxy nor redshift, thus a luminosity cannot
be calculated. The H-rich and H-poor designations are inferred from the spectrum near the time of explosion. The upper x-axis
provides a reference distance scale for a fiducial normal SN shock velocity of 0.05c with no deceleration. This figure highlights
the presence of two groups of H-rich SNe in the radio phase space, with IIn SNe belonging to the group with luminous radio
emission years after explosion (see e.g. Bietenholz et al. 2021).

blastwave expands (e.g., Chevalier 1998; Chevalier &
Fransson 2006). For synchrotron self-absorption (SSA)
dominated spectra, we expect ⌫pk / R2/7B9/7, and the
spectral peak flux Fpk / R19/7B19/7, where R is the

forward shock radius and B is the post-shock magnetic
field. The optically thin flux density at ⌫ > ⌫pk scales
as F⌫,thin/ ⌫�(p�1)/2 (where p is the power-law index
of the electron distribution, Ne(�e)/ ��p

e , and �e is the

Stroh + 21
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H-rich 
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Quite powerful to see late time activities of known objects.


