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Late X-ray and radio observations of 170817
A new component?
Kilonova afterglow?

§ The emergence of a new source of X-rays from the binary neutron star merger
GW170817 ; Hajela et al. 2021 ; arXiv:2104.02070

§ Continued radio observations of GW170817 3.5 years post-merger
Balasubramanian et al. 2021 ; arXiv:2103.04821

§ Dynamical ejecta synchrotron emission as a possible contributor to the 
rebrightening of GRB170817A ; Nedora et al. 2021 ; arXiv:2104.04537

§ Accurate flux calibration of GW170817: is the X-ray counterpart on the rise?
Troja et al. 201 ; arXiv:2104.13378

§ Determining the viewing angle of neutron star merger jets with VLBI radio images
Fernandez, Kobayashi & Lamb, 2021 ; arXiv:2101.05138
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Kilonova = thermal radiation 
(quasi-isotropic ejecta, heated by the radioactivity of r-process elements)
Afterglow = non-thermal radiation
(deceleration of a relativistic jet with lateral structure: forward shock)

Kilonova

Afterglow



3. Predictions for the late afterglow of the structured relativistic jet
MNRAS 000, 1–11 (2021) Preprint 15 January 2021 Compiled using MNRAS LATEX style file v3.0

Determining the viewing angle of neutron star merger jets with VLBI
radio images

Joseph John Fernández,1¢ Shiho Kobayashi1 and Gavin P. Lamb2
1Astrophysics Research Institute, Liverpool John Moores University, IC2, Liverpool Science Park, 146 Brownlow Hill, Liverpool L3 5RF, UK
2School of Physics and Astronomy, University of Leicester, University Road, Leicester, LE1 7RH, UK

Accepted XXX. Received YYY; in original form ZZZ

ABSTRACT
Very long base interferometry (VLBI) radio images recently proved to be essential in breaking the degeneracy in the ejecta model
for the neutron star merger event GW170817. We discuss the properties of synthetic radio images of merger jet afterglow by using
semi-analytic models of laterally spreading or non-spreading jets. The image centroid initially moves away from the explosion
point in the sky with an apparent superlumianal velocity. After reaching a maximum displacement its motion is reversed. This
behavior is in line with that found in full hydrodynamics simulations. Since the evolution of the centroid shift and jet image
size are significantly di�erent in the two jet models, observations of these characteristics for very bright events might be able
to confirm or constrain the lateral expansion law of merger jets. We explicitly demonstrate how \obs is obtained by the centroid
shift of radio images or its apparent velocity provided the ratio of the jet core size \2 and the viewing angle \obs is determined
by afterglow light curves. We show that a simple method based on a point-source approximation provides reasonable angular
estimates (10�20% errors at most). By taking a sample of structured Gaussian jet results, we find that the model with \obs ⇠ 0.32
rad can explain the main features of the GW170817 afterglow light curves and the radio images.

Key words: Transients: gamma-ray bursts - Transients: neutron star mergers - Physical data and processes: gravitational waves
- methods: numerical.

1 INTRODUCTION

Shortly after the detection of gravitational waves (GW) from the
binary neutron star merger, GW170817, its electromagnetic (EM)
counterpart was discovered in the S0 galaxy NGC4993 (Coulter et al.
2017; Soares-Santos et al. 2017, etc). This transient was subject to
an unprecedented follow-up campaign across the EM spectrum (e.g.
Abbott et al. 2017). The counterpart was found to be made up of
several components: a prompt short gamma-ray burst (GRB) detected
1.7B after the merger, a kilonova, and a broad synchrotron afterglow,
first detected 9 days post-merger at X-ray wavelengths; see Margutti
& Chornock (2020) for a review of GW170817 and Metzger (2019),
Burns (2020) and Nakar (2020) for reviews of EM counterparts to
GW detectable compact binary mergers.

In addition to the merger afterglow light curves, very long baseline
interferometry (VLBI) radio images were obtained (Mooley et al.
2018; Ghirlanda et al. 2019). Mooley et al. (2018) presented radio
images at 75 and 230 days post-merger finding an image centroid
displacement of ⇠ 2.67 ± 0.2 mas in the sky, and implying a
mean apparent velocity of Vapp = 4.1 ± 0.5; Ghirlanda et al. (2019)
confirmed this result with a radio image obtained at 207 days post
merger. This, along with the steep post-peak afterglow decline (Lamb
et al. 2018, 2019b; Troja et al. 2018, 2019), broke the degeneracy
between a wide, quasi-isotropic ejecta and a narrow core-dominated
jet, confirming the emission was from the latter.

VLBI images are also important for breaking degeneracies in

¢ E-mail: joseph.fdez21@gmail.com

parameter estimation from light curves. Nakar & Piran (2020) showed
that afterglow light curves observed around their peak time)? cannot
constrain the observing angle, \obs, but only determine the ratio
of the observing angle \obs to the jet opening angle, \2 (or core
size for a core dominated structured jet). This leads to degeneracy
among the parameters {\obs, \2 , ;, n⌫}, where ; ⇠ (⇢/=<?2

2)1/3
is the Sedov length, = the ambient density, <? the proton mass and
n⌫ is the fraction of the shock energy in the magnetic fields. This
degeneracy can be broken by the observation of afterglow images
(the centroid shift around the peak time) or the decay index of the
late time afterglow light curve at the transition to the sub-relativistic
phase.

Gravitational waves from compact binary mergers provide a
luminosity distance ⇡! which is independent of the cosmological
distance ladder (Schutz 1986; Holz & Hughes 2005). Therefore, well
localized GW signals can in principle be used to estimate Hubble’s
constant �0 if combined with EM redshift measurements (e.g.
Mastrogiovanni et al. 2020). However the distance⇡! and inclination
with respect to the binary plane \obs are entangled in the GW strain
(Misner et al. 1973; Holz & Hughes 2005). Without accurate GW
polarization measurements to obtain \obs, this degeneracy leads to
additional uncertainties in ⇡! .

Observation of the long-lasting components of the counterpart
such as an afterglow provide an avenue to obtain the \obs and hence
improve the estimate of ⇡! . However, the degeneracy among jet
parameters makes it di�cult to determine \obs from afterglow light
curves.

Radio images were used in Mooley et al. (2018); Ghirlanda

© 2021 The Authors
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arXiv:2101.05138 : includes a discussion of the importance of the lateral
expansion for the late evolution (including VLBI diagnostic) and of the current
uncertainties in modeling this expansion.



Figure 1 | Combined images of GW170817 at �t ⇠ 3.4 years: Left Panel: Combined X-ray image consisting of CXO
observations spanning �t ⇠ 1209� 1258 days in the 0.5 – 8 keV energy range. An X-ray source is clearly detected at
the location of GW170817 with statistical significance of 7.2� (Extended Data Table 1). Right Panel: Combined radio
image comprising VLA 3 GHz observations acquired in the time range �t ⇠ 1216 � 1265 days. No radio emission
is detected at the location of GW170817. The RMS noise around the location of the BNS merger is ⇠ 1.7µJy (§2).
In both panels the orange and light-blue regions have a 100 and 2.500 radius, respectively, and mark the location of the
BNS merger and its host galaxy.

object remnant of a BNS merger a few years after its birth.
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4. New X-ray detection at ~3.4 years
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Figure 2 | X-ray and radio light-curves of GW170817 X-ray (upper panel) and radio (3 GHz, lower panel) evolution
of the emission from GW170817 as detected by the CXO and the VLA (light-blue circles). Open circle: peak pixel flux
value within one synthesized beam at the location of GW170817 from Balasubramanian et al.26 At �t > 900 days the
X-ray emission shows an excess compared to the off-axis jet afterglow model (solid blue line, §4 and §6) that indicates
the emergence of a new emission component. Red-to-orange dashed lines: synchrotron radiation from the kilonova
afterglow calculated using semi-analytical models32 where we parametrized the kilonova kinetic energy distribution
as Ek / (��)�↵ for � � 0.35 and we used a total kilonova kinetic energy of 1051 erg. These models require
p < 2.15 to avoid violating our radio upper limit. Here we use p = 2.05 and we emphasize with a solid thick line the
↵ = 5 model. Other kilonova afterglow parameters assumed: ✏B = 0.001, ✏e = 0.1, n = 0.001 cm�3. Grey shaded
area: synchrotron emission calculated from kilonova kinetic ejecta profiles derived from ab-initio numerical relativity
simulations using a neutron-star mass-ratio q = 1 and the LS220 equation of state (§7). These simulations emphasize
the contribution from the merger’s dynamical ejecta. The shaded area corresponds to values pKN = 2.05 � 2.15,
n = 6⇥ 10�3 cm�3, ✏e = 0.1 and ✏B = 0.01.
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4. X-ray excess

Extended Data Figure 2 | Broadband afterglow modeled by JetFit with �B = 12: Top Panel: Non-thermal
emission from GW170817 across the electromagnetic spectrum and best fitting jet-afterglow model computed with
JetFit for n = 0.01 cm�3, ✏e = 0.1, and �B = 12. Empty symbols have not been included in the fitting procedure.
Colored bands identify the 68% flux confidence interval. Black empty square symbol is the peak pixel value within
one synthesized beam at the location of GW170817 at 3 GHz from Balasubramanian et al.26. Bottom Panel: One- and
two-dimensional projections of the posterior distributions of the model’s free parameters. Vertical dashed lines mark
the 16th, 50th, and 84th percentiles of the marginalized distributions (i.e. the median and 1-� range). The contours
are drawn at 68%, 95%, and 99% credible levels. 37

Extended Data Figure 2 | Broadband afterglow modeled by JetFit with �B = 12: Top Panel: Non-thermal
emission from GW170817 across the electromagnetic spectrum and best fitting jet-afterglow model computed with
JetFit for n = 0.01 cm�3, ✏e = 0.1, and �B = 12. Empty symbols have not been included in the fitting procedure.
Colored bands identify the 68% flux confidence interval. Black empty square symbol is the peak pixel value within
one synthesized beam at the location of GW170817 at 3 GHz from Balasubramanian et al.26. Bottom Panel: One- and
two-dimensional projections of the posterior distributions of the model’s free parameters. Vertical dashed lines mark
the 16th, 50th, and 84th percentiles of the marginalized distributions (i.e. the median and 1-� range). The contours
are drawn at 68%, 95%, and 99% credible levels. 37

Extended Data Figure 3 | JetFit model flux distributions: Top Panel: Expected 1-keV flux density distributions
at 939.31 days (histograms in color) derived from the fitting of the multi-wavelength afterglow of GW170817 in the
time range 2 < �t < 900 days using the code JetFit(using different values of �B). Vertical blue thick line and
shaded area: observed X-ray flux density at this epoch and ±1� confidence range. Bottom Panel: Same as the top
panel for 1234.11 days since merger.
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Extended Data Figure 3 | JetFit model flux distributions: Top Panel: Expected 1-keV flux density distributions
at 939.31 days (histograms in color) derived from the fitting of the multi-wavelength afterglow of GW170817 in the
time range 2 < �t < 900 days using the code JetFit(using different values of �B). Vertical blue thick line and
shaded area: observed X-ray flux density at this epoch and ±1� confidence range. Bottom Panel: Same as the top
panel for 1234.11 days since merger.
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ABSTRACT

X-ray emission from the gravitational wave transient GW170817 is well described as non-thermal afterglow radiation

produced by a structured relativistic jet viewed off-axis. We show that the X-ray counterpart continues to be detected

at 3.3 years after the merger. Such long-lasting signal is not a prediction of the earlier jet models characterized by a

narrow jet core and a viewing angle ≈20 deg, and is spurring a renewed interest in the origin of the X-ray emission. We

present a comprehensive analysis of the X-ray dataset aimed at clarifying existing discrepancies in the literature, and

in particular the presence of an X-ray rebrightening at late times. Our analysis does not find evidence for an increase

in the X-ray flux, but confirms a growing tension between the observations and the jet model. Further observations

at radio and X-ray wavelengths would be critical to break the degeneracy between models.

Key words: stars: neutron – gravitational waves – gamma-ray burst

1 INTRODUCTION

The ground-breaking discovery of the binary neutron star
(BNS) merger GW170817 by the LIGO/VIRGO Collabora-
tion (Abbott, et al. 2017a) and the near-coincident detec-
tion, with a delay of 1.7 s, of the short duration gamma-
ray burst GRB 170718A (Abbott et al. 2017b) heralded a
new era of multi-messenger astrophysics combining gravita-
tional waves (GW) with photons. GRB 170817A, at a dis-
tance of only ∼ 40 Mpc, is the least luminous short GRB
known to date. It does not display the standard fading after-
glow of GRBs, but a delayed X-ray (Troja et al. 2017) and
radio (Hallinan et al. 2017) emission. Its broadband afterglow
is seen to rise as Fν ∝ t0.8 (Troja et al. 2018; Lyman et al.
2018; Margutti et al. 2018; Ruan, et al. 2018), peak at ∼ 160
d after the merger (Dobie et al. 2018; D’Avanzo et al. 2018;
Piro, et al. 2019), and then rapidly decay as Fν ∝ t−2.2

(Mooley et al. 2018; Lamb, et al. 2019; Troja et al. 2019).
The afterglow behavior is now commonly interpreted as

⋆ E-mail: eleonora@umd.edu

emission from a structured GRB jet viewed off-axis, with
viewing angle θv ≈ 20-30 deg (Troja et al. 2017; Lazzati et al.
2018; Lyman et al. 2018; D’Avanzo et al. 2018; Xie et al.
2018; Margutti et al. 2018; Resmi, et al. 2018; Mooley et al.
2018; Ghirlanda, et al. 2019; Lamb, et al. 2019; Ryan et al.
2020; Troja et al. 2019; Beniamini, Granot, & Gill 2020;
Nathanail et al. 2020; Troja et al. 2020; Makhathini et al.
2020). The close distance of the event and its bright long-lived
emission allowed for an unprecedented insight into the struc-
ture of GRB jets and novel constraints on the Hubble Con-
stant (Hotokezaka et al. 2019; Nakar & Piran 2021). Contin-
ued monitoring of the GW afterglow will further deepen our
understanding of GRB physics into a poorly explored regime.
Whereas the rising slope of the light curve is dictated by
the initial jet structure and the viewing angle (Ryan et al.
2020; Takahashi & Ioka 2020, 2021), its late-time evolution
(postpeak) will be dictated by the spreading dynamics of the
jet and its deceleration into a non-relativistic flow. Although
the measured decay slope is sufficiently steep to confirm the
presence of a collimated jet (Troja et al. 2018), the exact pre-
dicted slope at this stage remains sensitive to details in the
modeling and to the detailed features of the actual outflow.

© 2018 The Authors
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ABSTRACT

X-ray emission from the gravitational wave transient GW170817 is well described as non-thermal afterglow radiation

produced by a structured relativistic jet viewed off-axis. We show that the X-ray counterpart continues to be detected

at 3.3 years after the merger. Such long-lasting signal is not a prediction of the earlier jet models characterized by a

narrow jet core and a viewing angle ≈20 deg, and is spurring a renewed interest in the origin of the X-ray emission. We

present a comprehensive analysis of the X-ray dataset aimed at clarifying existing discrepancies in the literature, and

in particular the presence of an X-ray rebrightening at late times. Our analysis does not find evidence for an increase

in the X-ray flux, but confirms a growing tension between the observations and the jet model. Further observations

at radio and X-ray wavelengths would be critical to break the degeneracy between models.
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1 INTRODUCTION

The ground-breaking discovery of the binary neutron star
(BNS) merger GW170817 by the LIGO/VIRGO Collabora-
tion (Abbott, et al. 2017a) and the near-coincident detec-
tion, with a delay of 1.7 s, of the short duration gamma-
ray burst GRB 170718A (Abbott et al. 2017b) heralded a
new era of multi-messenger astrophysics combining gravita-
tional waves (GW) with photons. GRB 170817A, at a dis-
tance of only ∼ 40 Mpc, is the least luminous short GRB
known to date. It does not display the standard fading after-
glow of GRBs, but a delayed X-ray (Troja et al. 2017) and
radio (Hallinan et al. 2017) emission. Its broadband afterglow
is seen to rise as Fν ∝ t0.8 (Troja et al. 2018; Lyman et al.
2018; Margutti et al. 2018; Ruan, et al. 2018), peak at ∼ 160
d after the merger (Dobie et al. 2018; D’Avanzo et al. 2018;
Piro, et al. 2019), and then rapidly decay as Fν ∝ t−2.2

(Mooley et al. 2018; Lamb, et al. 2019; Troja et al. 2019).
The afterglow behavior is now commonly interpreted as
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emission from a structured GRB jet viewed off-axis, with
viewing angle θv ≈ 20-30 deg (Troja et al. 2017; Lazzati et al.
2018; Lyman et al. 2018; D’Avanzo et al. 2018; Xie et al.
2018; Margutti et al. 2018; Resmi, et al. 2018; Mooley et al.
2018; Ghirlanda, et al. 2019; Lamb, et al. 2019; Ryan et al.
2020; Troja et al. 2019; Beniamini, Granot, & Gill 2020;
Nathanail et al. 2020; Troja et al. 2020; Makhathini et al.
2020). The close distance of the event and its bright long-lived
emission allowed for an unprecedented insight into the struc-
ture of GRB jets and novel constraints on the Hubble Con-
stant (Hotokezaka et al. 2019; Nakar & Piran 2021). Contin-
ued monitoring of the GW afterglow will further deepen our
understanding of GRB physics into a poorly explored regime.
Whereas the rising slope of the light curve is dictated by
the initial jet structure and the viewing angle (Ryan et al.
2020; Takahashi & Ioka 2020, 2021), its late-time evolution
(postpeak) will be dictated by the spreading dynamics of the
jet and its deceleration into a non-relativistic flow. Although
the measured decay slope is sufficiently steep to confirm the
presence of a collimated jet (Troja et al. 2018), the exact pre-
dicted slope at this stage remains sensitive to details in the
modeling and to the detailed features of the actual outflow.

© 2018 The Authors

6 Troja et al.

Figure 5. X-ray (black circles: Chandra; open circles: XMM-Newton) light curves compared with the jet model of Ryan et al. (2020) (solid
line), Troja et al. (2020) (dashed line), and this work (dotted line). Radio data (blue; Makhathini et al. 2020; Balasubramanian et al.
2021) at 3 GHz were rescaled using a spectral slope of 0.585. At late times a deviation from the jet model is visible. By rebinning the last
two Chandra observations (left panel), the X-ray emission seems to flatten. This effect is mostly driven by the detection of soft (<2 keV)
X-ray emission at 1211 d, visible in the unbinned light curve (right panel).

(940 d) and 11 (1230 d), the source is detected at a level of
0.8×10−4 cts s−1.

The new data confirm the trend observed in Troja et al.
(2020), a structured jet model can explain the observed X-
ray emission if viewed at a larger angle than previously es-
timated. The relative excess of the late-time X-ray observa-
tions can be accounted for by a wider jet, which has a larger
total energy. Since the afterglow’s early rise at T < 160 d
fixes the ratio of the viewing angle to the jet opening angle
(Ryan et al. 2020; Nakar & Piran 2021), the wider jet must
be viewed proportionally further off-axis. The new fit esti-
mates the viewing angle θv = 38◦±4◦, larger than the 31◦±5◦

reported in Troja et al. (2020) with 1000 days of data and
the 23◦ ± 6◦ reported in Troja et al. (2019) and Ryan et al.
(2020) with 1 year of data. As a consequence of the larger
viewing angle, the associated superluminal apparent velocity
shifts from βapp=2.2+0.5

−0.4 to βapp = 2.0+0.3
−0.2, increasing further

the tension with the value of β=4.0±0.5 determined by the
VLBI centroid motion, from 2.8 σ (Troja et al. 2020) up to
3.5 σ when marginalized over the fit. As noted in Troja et al.
(2020), the addition of an extra-component with luminosity
LX ≈ 2 × 1038 erg s−1 would resolve this tension. With the
additional component making up the late-time emission, the
underlying jet is allowed to be narrower and nearer the line
of sight, with an opening angle of θc = 4◦ ± 1◦ and viewing
angle θv = 26◦±6◦. This alignment produces an apparent ve-
locity of βapp = 3.1+0.9

−0.6 , in agreement with the measurement
of Mooley et al. (2018).

Although our analysis confirms that the X-ray and radio
emission deviate from early predictions of the jet model with

θv ≈20◦, the interpretation of this late-time behavior remains
ambiguous. The flattening of the X-ray light curve, seen in
the right panel of Figure 5, is suggestive of an additional
component taking over the fading GRB afterglow. Although
tantalizing, the observed trend is driven mostly by a single
data point at 1211 d, deviating !3 σ from the afterglow pre-
dictions (left panel of Figure 5), and a continued fading of
the X-ray and radio counterpart remains consistent with the
observations.

In Troja et al. (2020), we already discussed in detail the
possible origins of the late-time X-ray emission and made
predictions about its future evolution. Here we briefly review
them in light of the new observations. A deviation from the
simpler jet model could be caused by a change in the jet
dynamics. In the current phase of evolution the jet is trans-
relativistic and undergoing lateral spreading. As noted by
Troja et al. (2020), a mere factor of four in density change
beyond a parsec would lead to a factor of two increase in
flux, both in the relativistic and non-relativistic regimes.
During spreading, models in the relativistic limit show the
flux to be effectively insensitive to density (Fν ∝ n(3−p)/12,
Granot, et al. 2018; Hajela et al. 2021), implying a far more
drastic gradient to reproduce the observed flux. On the
other hand, this would in turn hasten the onset of the non-
relativistic stage where Fν ∝ n0.4 (Leventis et al. 2012).

Evolution in the properties of the non-thermal elec-
trons, for instance a decrease in the electron index p to-
wards the expected non-relativistic value of 2 (Bell 1978;
Blandford & Ostriker 1978) as the jet decelerates, could in
principle increase the X-ray flux above the fixed-p predic-

MNRAS 000, 1–8 (2018)

4. X-ray excess



5. Upper limits in radio + recent detection ?

Figure 2 | X-ray and radio light-curves of GW170817 X-ray (upper panel) and radio (3 GHz, lower panel) evolution
of the emission from GW170817 as detected by the CXO and the VLA (light-blue circles). Open circle: peak pixel flux
value within one synthesized beam at the location of GW170817 from Balasubramanian et al.26 At �t > 900 days the
X-ray emission shows an excess compared to the off-axis jet afterglow model (solid blue line, §4 and §6) that indicates
the emergence of a new emission component. Red-to-orange dashed lines: synchrotron radiation from the kilonova
afterglow calculated using semi-analytical models32 where we parametrized the kilonova kinetic energy distribution
as Ek / (��)�↵ for � � 0.35 and we used a total kilonova kinetic energy of 1051 erg. These models require
p < 2.15 to avoid violating our radio upper limit. Here we use p = 2.05 and we emphasize with a solid thick line the
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ABSTRACT

We present new radio observations of the binary neutron star merger GW170817 carried out with
the Karl G. Jansky Very large Array (VLA) more than 3 yrs after the merger. Our combined dataset
is derived by co-adding more than ⇡ 32 hours of VLA time on-source, and as such provides the deepest
combined observation (RMS sensitivity ⇡ 0.99µJy) of the GW170817 field obtained to date at 3GHz.
We find no evidence for a late-time radio re-brightening at a mean epoch of t ⇡ 1200 d since merger, in
contrast to a 2-3� excess observed at X-ray wavelengths at the same mean epoch. Our measurements
agree with expectations from the post-peak decay of the radio afterglow of the GW170817 structured
jet. Using these results, we constrain the parameter space of models that predict a late-time radio re-
brightening possibly arising from the high-velocity tail of the GW170817 kilonova ejecta, which would
dominate the radio and X-ray emission years after the merger (once the structured jet afterglow fades
below detection level). Our results point to a steep energy-speed distribution of the kilonova ejecta
(with energy-velocity power law index ↵ & 5). We suggest possible implications of our radio analysis,
when combined with the recent tentative evidence for a late-time re-brightening in the X-rays, and
highlight the need for continued radio-to-X-ray monitoring to test di↵erent scenarios.
Subject headings: GW170817, Kilonova afterglow: general — radio continuum: general

1. INTRODUCTION

GW170817 has been a milestone event for transient
multi-messenger studies. It was the first binary neu-
tron star (NS) merger observed by the LIGO and
VIRGO detectors (Abbott et al. 2017), and so far it
remains the only binary NS system from which gravi-
tational waves (GWs) and a multi-wavelength (radio to
gamma-ray) counterpart have been discovered (Abbott
et al. 2020; Kasliwal et al. 2020; Paterson et al. 2020).
The GW170817 NS-NS merger occurred at 12:41:04 on
2017 August 17 UTC, and its GW detection was fol-
lowed by the detection of a �-ray burst (GRB) by
the Fermi and INTEGRAL satellites, ⇡ 2 s after the
merger. UV/optical/IR instruments subsequently iden-
tified the so-called kilonova counterpart (AT2017gfo),
in the galaxy NGC4993 at a distance of ⇡ 40Mpc,
making GW170817/GRB170817a the closest short GRB
with known redshift (e.g., Arcavi et al. 2017; Chornock
et al. 2017; Coulter et al. 2017; Cowperthwaite et al.
2017; Drout et al. 2017; Kasliwal et al. 2017; Kasen
et al. 2017; Kilpatrick et al. 2017; Pian et al. 2017;
Shappee et al. 2017; Smartt et al. 2017; Tanvir et al.
2017; Valenti et al. 2017). Observations of the quasi-
thermal UV/optical/IR emission from the GW170817
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slow (⇠ 0.1c � 0.3c), neutron-rich, kilonova ejecta were
successful in verifying that mergers of NSs in binaries are
production sites of heavy elements such as gold and plat-
inum (e.g., Kasliwal et al. 2017; Kasen et al. 2017; Pian
et al. 2017; Metzger 2017).
In addition to the quasi-thermal kilonova emission,

a delayed non-thermal (synchrotron) afterglow from
GW170817/GRB170817a was first observed in the X-
rays ⇡ 9 days after the merger by the Chandra obser-
vatory (e.g., Troja et al. 2017; Haggard et al. 2017;
Margutti et al. 2017). A radio afterglow detection with
the Karl G. Jansky Very Large Array (VLA) followed,
about two weeks after the merger (Hallinan et al. 2017).
Further radio observations of the source proved decisive
in narrowing down the morphology of the jet (Corsi et al.
2018; Dobie et al. 2018; Alexander et al. 2017; Margutti
et al. 2018; Mooley et al. 2018b,a; Hajela et al. 2019),
ruling out the simple uniform energy-velocity (top-hat)
ejecta in favour of a structured jet, where the ejecta ve-
locity varies with the angle from the jet axis (Mooley
et al. 2018c; Lazzati et al. 2018; Ren et al. 2020). These
observations, with the help of hydrodynamic simulations
(Lazzati et al. 2018; Nakar et al. 2018), set constraints on
the opening angle of the jet core (. 5 deg), the observer’s
viewing angle (⇡ 15 � 30 deg), the isotropic equivalent
energy (⇠ 1052 erg) and the interstellar medium (ISM)
density (⇠ 10�4 � 0.5 cm�3).
The extended radio follow-up of GW170817 up to

2.1 years after the merger had shown that the radio emis-
sion from the structured jet had faded below typical flux
density sensitivities that can be reached with the VLA
in a few hours of observing (Makhathini et al. 2020).
Several theoretical scenarios, however, predict the possi-
ble emergence at late times of detectable electromagnetic
emission associated with the afterglow of the kilonova
ejecta itself (e.g., Nakar & Piran 2011; Kathirgamaraju
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ruling out the simple uniform energy-velocity (top-hat)
ejecta in favour of a structured jet, where the ejecta ve-
locity varies with the angle from the jet axis (Mooley
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observations, with the help of hydrodynamic simulations
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the opening angle of the jet core (. 5 deg), the observer’s
viewing angle (⇡ 15 � 30 deg), the isotropic equivalent
energy (⇠ 1052 erg) and the interstellar medium (ISM)
density (⇠ 10�4 � 0.5 cm�3).
The extended radio follow-up of GW170817 up to

2.1 years after the merger had shown that the radio emis-
sion from the structured jet had faded below typical flux
density sensitivities that can be reached with the VLA
in a few hours of observing (Makhathini et al. 2020).
Several theoretical scenarios, however, predict the possi-
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5. Spectral evolution

Extended Data Figure 4 | Broadband SED at 1234 days: Broad-band spectral energy distribution acquired around
�t ⇡3.4 years post-merger, including CXO X-ray data (filled circle), VLA upper limits at 3 and 15 GHz (filled and
open square, respectively), MeerKAT flux limit (filled diamond) and HST/F140W flux limit (filled hexagon). Grey
filled square: 3 GHz peak flux pixel value of 2.8µJy (with RMS of 1.3µJy) within one synthesized beam at the
location of GW170817 from Balasubramanian et al.26. Red dotted line: F⌫ / ⌫

�(p�1)/2 spectrum with p = 2.166
that best fitted the jet-afterglow data.22 The VLA 3 GHz limit suggests a shallower spectrum (§5). Orange dashed
line: F⌫ / ⌫

�(p�1)/2 with p = 2.05. HST observations imply a NIR-to-X-ray spectral slope steeper than ⇡ 1.

spectral counts. We then computed as a function of p the probability associated with spectral

models F⌫ / ⌫
�(p�1)/2 that would not lead to a radio detection, here defined as a 3 GHz radio flux

density above 3, and 2 times the flux density root mean square – RMS – of our image around the

location of GW170817, where RMS = 1.7 µJy.

Our results are shown in Extended Data Figure 5. We find that values of p � 2.166, i.e. larger than

the best fitting value of the jet-afterglow at �t < 900 days are ruled out with statistical confidence

� 92% � 99.2%. These results suggest the evolution of the broadband spectrum towards lower

values of p and constitute the first indication of spectral evolution of the non-thermal emission

from GW170817. This conclusion is strengthened by using the RMS = 1.3 µJy at 3 GHz from

Balasubramanian et al.26

39



6. Discussion

(i) « same-shock » scenarios

In the supplementary material, the authors discuss (section 6):

- over-density: 
requires too steep gradient of density (x3 108 at 1pc)

- late energy injection: 
needs to inject same Ekinetic at late time, no source?

- time-varying microphysics parameters:
requires non physically motivated ad hoc variations of εB and εe

- transition to NR evolution:
expected to be achromatic

- emergence of counter-jet:
expected at later time with a flat LC



6. Discussion

(ii) New component

- The kilonova afterglow is the preferred model of the authors:
discussed in the main text

- alternatives (accretion on to the new compact object) are discussed
in the supplementary material (section 8)

There are also new papers on arXiv to explore this scenario:
- Fallback accretion model for the years-to-decades X-ray counterpart to GW170817
Ishizaki et al. 2021 ; arXiv:2104.04433
- Fallback accretion halted by r-process heating in neutron star mergers and GRBs
Ishizaki et al. 2021 ; arXiv:2104.04708

In this scenario we see the very beginning of the accretion on a new
compact object (most probably a BH).



7. Kilonova afterglow model

Figure 2 | X-ray and radio light-curves of GW170817 X-ray (upper panel) and radio (3 GHz, lower panel) evolution
of the emission from GW170817 as detected by the CXO and the VLA (light-blue circles). Open circle: peak pixel flux
value within one synthesized beam at the location of GW170817 from Balasubramanian et al.26 At �t > 900 days the
X-ray emission shows an excess compared to the off-axis jet afterglow model (solid blue line, §4 and §6) that indicates
the emergence of a new emission component. Red-to-orange dashed lines: synchrotron radiation from the kilonova
afterglow calculated using semi-analytical models32 where we parametrized the kilonova kinetic energy distribution
as Ek / (��)�↵ for � � 0.35 and we used a total kilonova kinetic energy of 1051 erg. These models require
p < 2.15 to avoid violating our radio upper limit. Here we use p = 2.05 and we emphasize with a solid thick line the
↵ = 5 model. Other kilonova afterglow parameters assumed: ✏B = 0.001, ✏e = 0.1, n = 0.001 cm�3. Grey shaded
area: synchrotron emission calculated from kilonova kinetic ejecta profiles derived from ab-initio numerical relativity
simulations using a neutron-star mass-ratio q = 1 and the LS220 equation of state (§7). These simulations emphasize
the contribution from the merger’s dynamical ejecta. The shaded area corresponds to values pKN = 2.05 � 2.15,
n = 6⇥ 10�3 cm�3, ✏e = 0.1 and ✏B = 0.01.
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α = radial structure of the KN ejecta
(fast part: β > 0.35)

Favors steep α > 4-5 ?

Other parameters:
- total kinetic energy 1051 erg

(~ 0.01 Msun at 0.3 c)
- p = 2.05 (constraint: p < 2.15 ; AG: 2.17)
- εB = 0.001 ; εe = 0.1
- n = 0.001 cm-3



8. More realistic Kilonova afterglow model

Figure 2 | X-ray and radio light-curves of GW170817 X-ray (upper panel) and radio (3 GHz, lower panel) evolution
of the emission from GW170817 as detected by the CXO and the VLA (light-blue circles). Open circle: peak pixel flux
value within one synthesized beam at the location of GW170817 from Balasubramanian et al.26 At �t > 900 days the
X-ray emission shows an excess compared to the off-axis jet afterglow model (solid blue line, §4 and §6) that indicates
the emergence of a new emission component. Red-to-orange dashed lines: synchrotron radiation from the kilonova
afterglow calculated using semi-analytical models32 where we parametrized the kilonova kinetic energy distribution
as Ek / (��)�↵ for � � 0.35 and we used a total kilonova kinetic energy of 1051 erg. These models require
p < 2.15 to avoid violating our radio upper limit. Here we use p = 2.05 and we emphasize with a solid thick line the
↵ = 5 model. Other kilonova afterglow parameters assumed: ✏B = 0.001, ✏e = 0.1, n = 0.001 cm�3. Grey shaded
area: synchrotron emission calculated from kilonova kinetic ejecta profiles derived from ab-initio numerical relativity
simulations using a neutron-star mass-ratio q = 1 and the LS220 equation of state (§7). These simulations emphasize
the contribution from the merger’s dynamical ejecta. The shaded area corresponds to values pKN = 2.05 � 2.15,
n = 6⇥ 10�3 cm�3, ✏e = 0.1 and ✏B = 0.01.
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Gray shaded area = models of Nedora et al.

- p = 2.05-2.15
- εB = 0.01 ; εe = 0.1
- n = 0.006 cm-3

Note the difference in peak time !
Simple model ~ 6000 days ~ 16 years
Realistic model ~ 2000 days ~ 5.5 years
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ABSTRACT
Over the past three years, the fading non-thermal emission from the GW170817 remained generally consistent with the syn-
chrotron afterglow from the forward shock of a relativistic structured jet. Recent observations by Hajela et al. (2021) indicate
the emergence of a new component in the X-ray band. We show that the new observations are compatible with a rebrightening
due to non-thermal emission from the fast tail of the dynamical ejecta of ab-initio binary neutron star (BNS) merger simulations.
This provides a new avenue to constrain binary parameters. Specifically, we find that equal mass models with soft equation of
state (EOS) and high mass ratio models with stiff EOS are disfavored as they typically predict afterglows that peak too early to
explain observations. Moderate stiffness and mass ratio models, instead, tend to be in good overall agreement with the data.

Key words: neutron star mergers – stars: neutron – equation of state – gravitational waves

1 INTRODUCTION

The GW170817 event marked the dawn of the era of multimessenger
astronomy with compact binary mergers. This event was observed as
gravitational wave (GW) source, GW170817 (Abbott et al. 2017a,
2019a,b); quasi-thermal electromagnetic (EM) transient, commonly
referred to as kilonova, AT2017gfo (Arcavi et al. 2017; Coulter et al.
2017; Drout et al. 2017; Evans et al. 2017; Hallinan et al. 2017;
Kasliwal et al. 2017; Nicholl et al. 2017; Smartt et al. 2017; Soares-
Santos et al. 2017; Tanvir et al. 2017; Troja et al. 2017; Mooley
et al. 2018; Ruan et al. 2018; Lyman et al. 2018); and short �-ray
burst (SGRB), GRB170817A (Savchenko et al. 2017; Alexander
et al. 2017; Troja et al. 2017; Abbott et al. 2017b; Nynka et al. 2018;
Hajela et al. 2019), detected by the space observatories Fermi (Ajello
et al. 2016) and INTEGRAL (Winkler et al. 2011). This SGRB
was dimmer then any other events of its class. Different interpre-
tations for its dimness and slow rising flux were proposed: off-axis
jet, cocoon or structured jet. Now it is now commonly accepted that
GRB170817A was a structured jet observed off-axis (e.g. Fong et al.
2017; Troja et al. 2017; Margutti et al. 2018; Lamb & Kobayashi
2017; Lamb et al. 2018; Ryan et al. 2020). The GRB170817A late
emission, the afterglow, provided further information on the ener-
getics of the event and on the properties of the circumburst medium
(e.g. Hajela et al. 2019).

The non-thermal afterglow of GRB170817A has been observed
for over three years, fading after its peak emission at ⇠160 days
after merger. At the time of writing, 3.2 years past the merger, the
post-jet-break afterglow is still being observed, albeit only in X-ray

by Chandra (Hajela et al. 2021) and in radio by VLA (Balasubra-
manian et al. 2021), as its flux in optical wavelengths has decreased
below the detection limit (Troja et al. 2020). The afterglow flux has
been decaying across all frequencies since the jet break ⇠160 days
postmerger, with a low-significance, but detectable, flattening in the
X-ray, (Troja et al. 2020). Possible interpretations of this behav-
ior includes changes in the expanding ejecta dynamics due to, e.g.,
changes in the interstellar medium (ISM) density; variations in mi-
crophysical parameters of the shock; or the emergence of a new
emission component, e.g., the kilonova afterglow (Troja et al. 2020).
More recent observations by Chandra show a further change in the
afterglow behaviour. In particular the X-ray flux has started rising
corroborating the emergence of a new emission component (Hajela
et al. 2021). This opens a new avenue for the multimessenger study
of GW170817.

In the past few years GW170817 and its EM counterparts have
been the subjects of intense investigations and the privileged tar-
get for numerical and analytical studies. The wealth of GW models
and analysis techniques allowed to constrain the intrinsic parame-
ters of the binary, such as the masses of the merged objects, and the
properties of the EOS of cold, beta-equilibrated nuclear matter. The
modeling of the kilonova light curves (LCs) and spectra shed new
light on the origin of the heaviest elements in the Universe, includ-
ing lanthanides and actinides (Barnes et al. 2016; Kasen et al. 2017;
Tanaka et al. 2017; Miller et al. 2019; Bulla 2019), and constrained
the properties of the matter ejected during the merger, (e.g. Villar
et al. 2017; Perego et al. 2017; Siegel 2019; Breschi et al. 2021).
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ABSTRACT
Over the past three years, the fading non-thermal emission from the GW170817 remained generally consistent with the syn-
chrotron afterglow from the forward shock of a relativistic structured jet. Recent observations by Hajela et al. (2021) indicate
the emergence of a new component in the X-ray band. We show that the new observations are compatible with a rebrightening
due to non-thermal emission from the fast tail of the dynamical ejecta of ab-initio binary neutron star (BNS) merger simulations.
This provides a new avenue to constrain binary parameters. Specifically, we find that equal mass models with soft equation of
state (EOS) and high mass ratio models with stiff EOS are disfavored as they typically predict afterglows that peak too early to
explain observations. Moderate stiffness and mass ratio models, instead, tend to be in good overall agreement with the data.
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1 INTRODUCTION

The GW170817 event marked the dawn of the era of multimessenger
astronomy with compact binary mergers. This event was observed as
gravitational wave (GW) source, GW170817 (Abbott et al. 2017a,
2019a,b); quasi-thermal electromagnetic (EM) transient, commonly
referred to as kilonova, AT2017gfo (Arcavi et al. 2017; Coulter et al.
2017; Drout et al. 2017; Evans et al. 2017; Hallinan et al. 2017;
Kasliwal et al. 2017; Nicholl et al. 2017; Smartt et al. 2017; Soares-
Santos et al. 2017; Tanvir et al. 2017; Troja et al. 2017; Mooley
et al. 2018; Ruan et al. 2018; Lyman et al. 2018); and short �-ray
burst (SGRB), GRB170817A (Savchenko et al. 2017; Alexander
et al. 2017; Troja et al. 2017; Abbott et al. 2017b; Nynka et al. 2018;
Hajela et al. 2019), detected by the space observatories Fermi (Ajello
et al. 2016) and INTEGRAL (Winkler et al. 2011). This SGRB
was dimmer then any other events of its class. Different interpre-
tations for its dimness and slow rising flux were proposed: off-axis
jet, cocoon or structured jet. Now it is now commonly accepted that
GRB170817A was a structured jet observed off-axis (e.g. Fong et al.
2017; Troja et al. 2017; Margutti et al. 2018; Lamb & Kobayashi
2017; Lamb et al. 2018; Ryan et al. 2020). The GRB170817A late
emission, the afterglow, provided further information on the ener-
getics of the event and on the properties of the circumburst medium
(e.g. Hajela et al. 2019).

The non-thermal afterglow of GRB170817A has been observed
for over three years, fading after its peak emission at ⇠160 days
after merger. At the time of writing, 3.2 years past the merger, the
post-jet-break afterglow is still being observed, albeit only in X-ray

by Chandra (Hajela et al. 2021) and in radio by VLA (Balasubra-
manian et al. 2021), as its flux in optical wavelengths has decreased
below the detection limit (Troja et al. 2020). The afterglow flux has
been decaying across all frequencies since the jet break ⇠160 days
postmerger, with a low-significance, but detectable, flattening in the
X-ray, (Troja et al. 2020). Possible interpretations of this behav-
ior includes changes in the expanding ejecta dynamics due to, e.g.,
changes in the interstellar medium (ISM) density; variations in mi-
crophysical parameters of the shock; or the emergence of a new
emission component, e.g., the kilonova afterglow (Troja et al. 2020).
More recent observations by Chandra show a further change in the
afterglow behaviour. In particular the X-ray flux has started rising
corroborating the emergence of a new emission component (Hajela
et al. 2021). This opens a new avenue for the multimessenger study
of GW170817.

In the past few years GW170817 and its EM counterparts have
been the subjects of intense investigations and the privileged tar-
get for numerical and analytical studies. The wealth of GW models
and analysis techniques allowed to constrain the intrinsic parame-
ters of the binary, such as the masses of the merged objects, and the
properties of the EOS of cold, beta-equilibrated nuclear matter. The
modeling of the kilonova light curves (LCs) and spectra shed new
light on the origin of the heaviest elements in the Universe, includ-
ing lanthanides and actinides (Barnes et al. 2016; Kasen et al. 2017;
Tanaka et al. 2017; Miller et al. 2019; Bulla 2019), and constrained
the properties of the matter ejected during the merger, (e.g. Villar
et al. 2017; Perego et al. 2017; Siegel 2019; Breschi et al. 2021).
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Figure 1. Ejection mechanism and properties of the fast tail of the ejecta shown for three simulations, with two EOSs: BLh and SFHo and two mass ratios:
q = 1.00 and q = 1.22. The upper panel in each plot shows the time evolution of the maximum density in the simulation (green curves) and the mass flux of
the ejecta with asymptotic velocities exceeding 0.6c (red curve). The bottom panel shows the mass histogram of the fast ejecta tail as a function of time. In both
panels the outflow rate and histograms are computed at a radius of R = 443 km and shifted in time by Rh�fasti�1, h�fasti being the mass averaged velocity
of the fast tail at the radius R. The plot shows that most of the fast ejecta are generally produced at first core bounce with a contribution from the second in
models with soft EOSs.

simulations with higher resolution, �x ⇡ 123 m, to asses the reso-
lution effects on ejecta properties.

Notably, not all simulations are found to host a measurable
amount of fast ejecta. Specifically, we find the absence of the fast
ejecta component in simulations with stiff EOS and relatively high
mass ratio, q = M1/M2 � 1, where M1 and M2 are the gravita-
tional masses at infinity of the primary and secondary NSs respec-
tively. The dynamical ejecta velocity distribution from these models
shows a sharp cut-off at  0.5c. The absence of fast ejecta can be
understood from the fact that at large q the ejecta are dominated by
the tidal component, whose speed is largely set by the NSs veloc-
ities at the last orbit and the system escape velocity. Additionally,
our models with large mass ratio (with fixed chirp mass) experience
prompt collapse with no core bounce (Bernuzzi et al. 2020).

The production mechanism of the fast ejecta tail is shown in
Fig. 1. We find that in our sample of simulations the ejection of mass
with velocity � > 0.6 c coincides with core bounces, in agreement
with previous findings by Radice et al. (2018c). In models with mod-
erately soft EOS or large mass ratio, e.g., the equal mass BLh EOS
model or the unequal mass models with softer EOS, e.g., SFHo EOS
model, most of the ejecta originate at the first bounce. However, in
equal mass models with very soft EOS, e.g., the equal mass SLy4
EOS model, we find that additional mass ejection occurs at the sec-
ond bounce. Notably, while the first-bounce component is generally
equatorial, the second-bounce component is more polar. This might
be attributed to the increased baryon loading of the equatorial region
resulting from the slow bulk of dynamical ejecta and with the disc
forming matter.

The presence of the fast tail is robust and is not affected by resolu-
tion. The mass of the fast tail, Mej(� > 0.6 c), however, does have a
resolution dependency, and we find that Mej(� > 0.6 c) changes by
a factor of a few between simulations at standard and high resolu-
tions. A larger sample of simulations performed at high resolutions
is required to asses this uncertainty more quantitatively. The mean
value of the fast tail mass is Mej(� > 0.6 c) = (2.36 ± 3.89) ⇥
10�5 M� , where we also report the standard deviation.

Other properties of the fast tail, such as velocity, electron fraction
and angular distribution, are more robust with respect to resolution,
similarly to what is observed for the total dynamical ejecta (Nedora

et al. 2021). We report the ejecta properties of simulations performed
with standard resolution Tab. 1. We find that for most models, the
mass averaged velocity of the fast tails, v1(� > 0.6 c), is close
to 0.6c with models with softer EOSs displaying higher velocities.
The mass-averaged electron, Ye(� > 0.6 c) is generally above 0.25,
indicating that these ejecta were shock-heated and reprocessed by
neutrinos. High average electron fraction implies that only weak r-
process nucleosythesis would occur, producing elements up to the
2nd r-process peak (Lippuner & Roberts 2015).

The total kinetic energy of the fast tail, Ek(� > 0.6 c), is shown
in top panel of the Fig. 2. The error bars cover a conservative ⇠1 or-
der of magnitude, that is obtained by considering the resolution de-
pendency of the fast ejecta mass and velocity, and by assuming the
same error measures adopted in Radice et al. (2018c). The figure
shows that the total kinetic energy of the fast tail ranges between
⇠1046 erg, and �1050 erg. Overall, the kinetic energy of the fast tail
does not show a strong dependency on the EOS, even if very soft
EOSs (like SLy4 and SFHo) tend to have larger energies. The depen-
dency on the mass ratio is more prominent, especially for the SLy4,
SFHo and LS220 EOSs, where for the latter, the Ek(� > 0.6 c) rises
by ⇠ 3 orders of magnitude between q = 1 and q = 1.7. Notably,
for the BLh EOS models, the total kinetic energy does not change
with the mass ratio.

In the lower panel of the Fig. 2 we show the RMS half-opening
angle of the fast ejecta around the orbital plane. We assume a conser-
vative error of 5 degrees, motivated by the comparison with higher
resolution simulations. As the angular distribution of fast ejecta de-
pends on the ejection mechanism, the figure allows to asses which
mechanism dominates in each simulation. The fast ejecta tail is
largely confined to the binary plane for the models with stiff EOS,
e.g., DD2 EOS, where the core bounce ejection mechanism domi-
nate. Meanwhile, in simulations with soft EOSs and high mass ra-
tios, the fast ejecta has a more uniform angular distribution deter-
mined by an interplay between the core dynamics and finite temper-
ature effects driving shocked outflow.

As the mass of the ejecta fast tail shows resolution dependency,
so does its total kinetic energy. For three models for which the fast
ejecta were found in both the standard and high resolution simula-
tions, we find that Ek ;ej(�ej > 0.6) changes by at least factor of a
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Over the past three years, the fading non-thermal emission from the GW170817 remained generally consistent with the syn-
chrotron afterglow from the forward shock of a relativistic structured jet. Recent observations by Hajela et al. (2021) indicate
the emergence of a new component in the X-ray band. We show that the new observations are compatible with a rebrightening
due to non-thermal emission from the fast tail of the dynamical ejecta of ab-initio binary neutron star (BNS) merger simulations.
This provides a new avenue to constrain binary parameters. Specifically, we find that equal mass models with soft equation of
state (EOS) and high mass ratio models with stiff EOS are disfavored as they typically predict afterglows that peak too early to
explain observations. Moderate stiffness and mass ratio models, instead, tend to be in good overall agreement with the data.
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1 INTRODUCTION

The GW170817 event marked the dawn of the era of multimessenger
astronomy with compact binary mergers. This event was observed as
gravitational wave (GW) source, GW170817 (Abbott et al. 2017a,
2019a,b); quasi-thermal electromagnetic (EM) transient, commonly
referred to as kilonova, AT2017gfo (Arcavi et al. 2017; Coulter et al.
2017; Drout et al. 2017; Evans et al. 2017; Hallinan et al. 2017;
Kasliwal et al. 2017; Nicholl et al. 2017; Smartt et al. 2017; Soares-
Santos et al. 2017; Tanvir et al. 2017; Troja et al. 2017; Mooley
et al. 2018; Ruan et al. 2018; Lyman et al. 2018); and short �-ray
burst (SGRB), GRB170817A (Savchenko et al. 2017; Alexander
et al. 2017; Troja et al. 2017; Abbott et al. 2017b; Nynka et al. 2018;
Hajela et al. 2019), detected by the space observatories Fermi (Ajello
et al. 2016) and INTEGRAL (Winkler et al. 2011). This SGRB
was dimmer then any other events of its class. Different interpre-
tations for its dimness and slow rising flux were proposed: off-axis
jet, cocoon or structured jet. Now it is now commonly accepted that
GRB170817A was a structured jet observed off-axis (e.g. Fong et al.
2017; Troja et al. 2017; Margutti et al. 2018; Lamb & Kobayashi
2017; Lamb et al. 2018; Ryan et al. 2020). The GRB170817A late
emission, the afterglow, provided further information on the ener-
getics of the event and on the properties of the circumburst medium
(e.g. Hajela et al. 2019).

The non-thermal afterglow of GRB170817A has been observed
for over three years, fading after its peak emission at ⇠160 days
after merger. At the time of writing, 3.2 years past the merger, the
post-jet-break afterglow is still being observed, albeit only in X-ray

by Chandra (Hajela et al. 2021) and in radio by VLA (Balasubra-
manian et al. 2021), as its flux in optical wavelengths has decreased
below the detection limit (Troja et al. 2020). The afterglow flux has
been decaying across all frequencies since the jet break ⇠160 days
postmerger, with a low-significance, but detectable, flattening in the
X-ray, (Troja et al. 2020). Possible interpretations of this behav-
ior includes changes in the expanding ejecta dynamics due to, e.g.,
changes in the interstellar medium (ISM) density; variations in mi-
crophysical parameters of the shock; or the emergence of a new
emission component, e.g., the kilonova afterglow (Troja et al. 2020).
More recent observations by Chandra show a further change in the
afterglow behaviour. In particular the X-ray flux has started rising
corroborating the emergence of a new emission component (Hajela
et al. 2021). This opens a new avenue for the multimessenger study
of GW170817.

In the past few years GW170817 and its EM counterparts have
been the subjects of intense investigations and the privileged tar-
get for numerical and analytical studies. The wealth of GW models
and analysis techniques allowed to constrain the intrinsic parame-
ters of the binary, such as the masses of the merged objects, and the
properties of the EOS of cold, beta-equilibrated nuclear matter. The
modeling of the kilonova light curves (LCs) and spectra shed new
light on the origin of the heaviest elements in the Universe, includ-
ing lanthanides and actinides (Barnes et al. 2016; Kasen et al. 2017;
Tanaka et al. 2017; Miller et al. 2019; Bulla 2019), and constrained
the properties of the matter ejected during the merger, (e.g. Villar
et al. 2017; Perego et al. 2017; Siegel 2019; Breschi et al. 2021).
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Figure 2. Properties of the fast tail of the dynamical ejecta: total kinetic en-
ergy (top panel) and half-RMS angle around the binary plane (bottom panel)
from a selected set of simulations where this tail is present (see text). We as-
sume conservative uncertainties for the angle, 0.5 deg, and half of the value
for the kinetic energy. The top panel shows that only for some EOSs the total
kinetic energy appear to depend on mass ration. Specifically, LS220m SFho
and SLy4 EOSs. The half-RMS angle appears to depend more on EOS, and
to be overall larger for high-q models.

few. The ejecta RMS half-opening angle about the orbital plane is
less resolution dependent and its uncertainty is less than ⇠50%.

Next we consider the distribution of the cumulative kinetic en-
ergy of the ejecta, defined as the kinetic energy of the ejecta whose
mass is above a certain speed. We express it as a function of the
�� product, where � is the ejecta velocity expressed in units of c,
and � = 1/

p
1 � �2 is the Lorentz factor. We show Ek(> ��)

for representative set of models in Fig. 3. The plot displays that for
most models the bulk of the kinetic energy is allocated to the low
velocity matter, i.e. for ��  0.5. Equal mass models show an ex-
tended high velocity tail, especially the q = 1.00 model with SLy4
EOS. The bottom panel of the Fig. 3 shows the cumulative kinetic
energy distribution in terms of the �� product and angle from the
plane of the binary for the q = 1.00 model with BLh EOS. The
distribution is not uniform with respect to the polar angle. While the
high energy tail extends up to the polar angle, the high velocity tail
is more confined to the orbital plane. Notably, since the largest part
(in mass) of the ejecta is equatorial it eludes the interaction with the
�-ray burst (GRB) collimated ejecta and expands into an unshocked
ISM. The latter can decrease the ISM density and delay the peak of
the synchotron emission (Margalit & Piran 2020).

Figure 3. Cumulative kinetic energy distribution for a selected set of models
(top panel) and its angular distribution for a BLh q = 1.00 model (bottom
panel). The vertical light green line marks the �ej = 0.6. The top panel
shows that equal mass models have a more extend high energy tail, while the
bottom panel shows that the angular distribution of the ejecta is not uniform.

3 THE SYNCHROTRON EMISSION FROM EJECTA-ISM
INTERACTION

Evaluating the synchrotron emission from the merger ejecta requires
the calculation of the dynamical evolution of the blast wave as it
propagates through the ISM. The dynamical evolution of a deceler-
ating adiabatic blast wave can be described via the self-similar so-
lutions. If the blast wave remains always relativistic, the Blandford-
McKee (BM) solution (Blandford & McKee 1976) applies. If the
blast wave remains always subrelativistic, the Sedov-Taylor (ST) so-
lution (Sedov 1959) can be used. Another approach to compute the
dynamics of the blast wave is to consider the hydrodynamical prop-
erties of the fluid behind the shock to be uniform within a given
(thin) shell (e.g. Pe’er 2012; Nava et al. 2013). This thin homoge-
neous shell approximation allows to describe the entire evolution of
the shell’s Lorentz factor from the free coasting phase (where the
blast wave velocity remains constant) to the subrelativistic phase.
However, there are limitations to this approach. Specifically, it was
shown to differ from BM self-similar solution in the ultrarelativis-
tic regime by a numerical factor (Panaitescu & Kumar 2000), and
a self-similar solution of the non-relativistic deceleration (Huang
et al. 1999). In application to the mildly relativist ejecta with ve-
locity structure, the deviation was shown to be of order unity (Piran
et al. 2013; Hotokezaka & Piran 2015).

We calculate the non-thermal radiation arising from the dynami-
cal ejecta propagating into the cold ISM with the semi-analytic code
PyBlastAfterglow. The method can be summarized as follow-
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1 INTRODUCTION

The GW170817 event marked the dawn of the era of multimessenger
astronomy with compact binary mergers. This event was observed as
gravitational wave (GW) source, GW170817 (Abbott et al. 2017a,
2019a,b); quasi-thermal electromagnetic (EM) transient, commonly
referred to as kilonova, AT2017gfo (Arcavi et al. 2017; Coulter et al.
2017; Drout et al. 2017; Evans et al. 2017; Hallinan et al. 2017;
Kasliwal et al. 2017; Nicholl et al. 2017; Smartt et al. 2017; Soares-
Santos et al. 2017; Tanvir et al. 2017; Troja et al. 2017; Mooley
et al. 2018; Ruan et al. 2018; Lyman et al. 2018); and short �-ray
burst (SGRB), GRB170817A (Savchenko et al. 2017; Alexander
et al. 2017; Troja et al. 2017; Abbott et al. 2017b; Nynka et al. 2018;
Hajela et al. 2019), detected by the space observatories Fermi (Ajello
et al. 2016) and INTEGRAL (Winkler et al. 2011). This SGRB
was dimmer then any other events of its class. Different interpre-
tations for its dimness and slow rising flux were proposed: off-axis
jet, cocoon or structured jet. Now it is now commonly accepted that
GRB170817A was a structured jet observed off-axis (e.g. Fong et al.
2017; Troja et al. 2017; Margutti et al. 2018; Lamb & Kobayashi
2017; Lamb et al. 2018; Ryan et al. 2020). The GRB170817A late
emission, the afterglow, provided further information on the ener-
getics of the event and on the properties of the circumburst medium
(e.g. Hajela et al. 2019).

The non-thermal afterglow of GRB170817A has been observed
for over three years, fading after its peak emission at ⇠160 days
after merger. At the time of writing, 3.2 years past the merger, the
post-jet-break afterglow is still being observed, albeit only in X-ray

by Chandra (Hajela et al. 2021) and in radio by VLA (Balasubra-
manian et al. 2021), as its flux in optical wavelengths has decreased
below the detection limit (Troja et al. 2020). The afterglow flux has
been decaying across all frequencies since the jet break ⇠160 days
postmerger, with a low-significance, but detectable, flattening in the
X-ray, (Troja et al. 2020). Possible interpretations of this behav-
ior includes changes in the expanding ejecta dynamics due to, e.g.,
changes in the interstellar medium (ISM) density; variations in mi-
crophysical parameters of the shock; or the emergence of a new
emission component, e.g., the kilonova afterglow (Troja et al. 2020).
More recent observations by Chandra show a further change in the
afterglow behaviour. In particular the X-ray flux has started rising
corroborating the emergence of a new emission component (Hajela
et al. 2021). This opens a new avenue for the multimessenger study
of GW170817.

In the past few years GW170817 and its EM counterparts have
been the subjects of intense investigations and the privileged tar-
get for numerical and analytical studies. The wealth of GW models
and analysis techniques allowed to constrain the intrinsic parame-
ters of the binary, such as the masses of the merged objects, and the
properties of the EOS of cold, beta-equilibrated nuclear matter. The
modeling of the kilonova light curves (LCs) and spectra shed new
light on the origin of the heaviest elements in the Universe, includ-
ing lanthanides and actinides (Barnes et al. 2016; Kasen et al. 2017;
Tanaka et al. 2017; Miller et al. 2019; Bulla 2019), and constrained
the properties of the matter ejected during the merger, (e.g. Villar
et al. 2017; Perego et al. 2017; Siegel 2019; Breschi et al. 2021).

© 0000 The Authors
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Figure 4. Representative kilonova afterglow LCs for NR models, in X-ray (left panel) and in radio (right panel), where the gray circles are the observational
data (Hajela et al. 2021). The synthetic LCs are computed with varying micrphysical parameters and ISM density within the range of credibility to achieve
a better fit to observational data (see Tab. 3 for details). The plots show that, within allowed parameter ranges, the LCs from all models are in agreement
with observations. Models with moderately stiff EOS and q < 1 < 1.8 are tentatively preferred, as their flux is rising at t � 103 days, in agreement with
observations.

ing. For a given distribution of energies as a function of velocity, we
divide the ejecta into velocity shells and solve the adiabatic radial
expansion of the ejecta in the thin shell approximation at each po-
lar angle using the kinetic energy distributions discussed in Sec. 2.
See also e.g., Piran et al. (2013) and (Hotokezaka & Piran 2015) for
similar treatments.

For the adiabatic evolution we adopt the blast wave dynamics for-
malism developed by Nava et al. (2013) where the evolution of the
blast wave Lorentz factor is given by their equations 3-7, which we
solve numerically via a 4th order adaptive step Runge–Kutta (RK)
method. We neglect the effects of radiation losses and lateral spread-
ing of the blast wave and focus on its evolution prior to and shortly
after the onset of the deceleration. The EOS assumed is that of the
ideal transrealtivitisc fluid, where the adiabatic index is given as a
function of the normalized temperature (equation 11 in Pe’er 2012)
which is computed adopting the polynomial fit (equation 5 in Ser-
vice 1986)

Next, we consider the forward shock propagating into the up-
stream medium as the blast wave expands. The bulk of the energy is
being deposited into the non-thermal protons. Part of this energy is
transferred to relativistic electrons via complex shock interactions.
It is however possible to consider a simplified prescription for the
transfer of energy from protons to electrons (e.g. Dermer & Chiang
1998). A fraction "e and "B of shock internal energy is assumed
to be deposited into the relativistic electrons and magnetic field re-
spectively. The injected electrons are assumed to have a power-law
distribution dN/d�e / ��p, where �e is the electron Lorentz factor,
p is the spectral index, a free parameter. The critical Lorentz factors
of the spectrum are the minimum one, �min, and the critical one, �c,
computed via standard expressions (equations A3 and A4 in Johan-
nesson et al. 2006, respectively). Depending on the ordering of the
�min and �c, two regimes are considered, namely the fast cooling
regime if �min > �c, and slow cooling regime otherwise (Sari et al.
1998).

The comoving synchrotron spectral energy distribution (SED) is
approximated with a smooth broken power law according to Johan-
nesson et al. (2006), and computed with their equations A1 and A7
for the slow cooling regime and their equations A2 and A6 for the
fast cooling regime. The characteristic frequencies are obtained from
the characteristic Lorentz factors �min and �c via their equation A5.

Table 2. List of parameters for synthetic LCs shown in the Fig 4 and Fig. 5.
For the former the microphysical and ISM density are adjusted model-wise
to achieved the good agreement with observations. For the latter, (the last
row of the table) the parameters are the same for all models shown. Other
parameters, such as observational angle, are the same everywhere (see text).

Fig 4 ✏e ✏b nISM
BLh q=1.00 0.1 0.003 0.005
BLh q=1.43 0.1 0.005 0.005
BLh q=1.82 0.1 0.01 0.03
DD2 q=1.00 0.1 0.008 0.005
LS220 q=1.00 0.1 0.01 0.006
LS220 q=1.43 0.1 0.002 0.005
SFHo q=1.00 0.1 0.001 0.005
SFHo q=1.43 0.1 0.01 0.006
SLy4 q=1.00 0.1 0.001 0.005
SLy4 q=1.43 0.1 0.006 0.005
Fig. 5 0.2 0.005 0.005

The synchrotron self-absorption is included via flux attenuation
(e.g. Dermer & Menon 2009). However, for the applications dis-
cussed in this paper, the self-absorption is not relevant as the ejecta
remains optically thin for the emission � 3 GHz (e.g. Piran et al.
2013).

We compute the observed flux, integrating over the equal time
arrival surface (EATS), following Lamb et al. (2018). For each seg-
ment of the blast wave, the time for the observer is evaluated via
their equation 3, and then the observed, Doppler-shifted flux is ob-
tained via their equation 2. See Salmonson (2003) for the detailed
discussion of the method and Fernández et al. (2021) for a similar
implementation.

In the ultrarelativistic regime, evolving a single velocity shell,
the code was found to be consistent with afterglowpy (Ryan
et al. 2020), while in the subrelativistic regime, modeling the kilo-
nova afterglow, the code produces LCs consistent with the model of
Hotokezaka & Piran (2015), which was applied to the BNS ejecta
in Radice et al. (2018c). It is however important to note that the
methods discussed above for both the blast wave dynamics and the
synchrotron emission become increasingly inaccurate as the blast
wave decelerates and spreads, and as most of the electrons be-
come subrelativistic. So we do not discuss the late-time emission
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9. Some consequences: neutron free fast ejecta / shock breakout and SGRB
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Figure 3 | Kilonova kinetic energy and mass profiles Upper Panel: Colored lines: kinetic energy profile of the
fastest kilonova ejecta as a function of specific momentum ��. Dark-red to orange shade: dynamical ejecta profiles
as inferred from ab-initio numerical-relativity simulations described in §7 for different EoS and NS mass ratios q.
Blue lines: EKN(> ��) / (��)�↵ analytical profiles that include the contributions from all types of kilonova ejecta
for ↵ = 4, 5, 6, 7, 9. Black filled circles: kinetic energy inferred from the modeling of the UV/optical/NIR kilonova
emission.11 Grey squares: SGRB jets.55 Lower Panel: kilonova ejecta profiles in the mass phase-space. Colored area:
region of the parameter space consistent with a cocoon shock breakout origin of GRB 170817A.43
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Note: shock breakout and SGRB,
condition on ejection time?


