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The best-fitting ↵ is then used to renormalize the flux densi-
ties measured at �t = 111 - 114 d to a common epoch of 109
d since merger (to match the time of CXO observations). Fi-
nally, we estimate � f from a joint fit of the broad-band radio-
to-X-ray spectrum at 109 d. This procedure is repeated un-
til convergence (i.e. � f = � f within error bars). We find
�XR = 0.585 ± 0.005 and ↵ = 0.73 ± 0.04 (Fig. 1). As a
comparison, from the analysis of radio data alone at t < 93
d Mooley et al. 2017 infer �R = 0.61± 0.05, consistent with
our results. Our measurement of the spectral slope benefits
from the significantly larger baseline of eight orders of mag-
nitude in frequency, and is consequently more precise. We
plot in Fig. 1 the HST measurement obtained by Lyman et al.
(2018) at 110 d. This comparison shows a remarkable agree-
ment with our bestfitting SED and demonstrates that at 110 d
since merger the optical emission from GW170817 is of non-
thermal origin and originates from the afterglow.

We compile in Fig. 1 the radio-to-X-ray SEDs of
GW170817 at 15 d and 9 d (orange and blue symbols). At
these epochs the thermal emission from the radioactive de-
cay of freshly synthesized heavy elements (i.e. the kilonova)
dominates the UV-optical-NIR bands. Fig. 1 shows that a re-
scaled version of the �XR = 0.585 spectrum that best-fits the
110 d epoch adequately reproduces the X-ray and radio emis-
sion from GW170817 at all times. Interestingly, the extrapo-
lation of the X-ray flux density at 9 d with a / ⌫-0.6 spectrum
matches the 6 GHz measurement reported by Hallinan et al.
(2017) as a potential — but possibly spurious — detection,
suggesting that the 6 GHz measurement is in fact a real detec-
tion (and the earliest radio detection of GW170817).

Based on these results we conclude that the non-thermal
emission from GW experienced negligible spectral evolution
across the electromagnetic spectrum in the last ⇠ 95 d, and
that the radio and X-ray radiation from GW170817 continue
to represent the same non-thermal emission component.

3. INTERPRETATION AND DISCUSSION

3.1. A synchrotron spectrum from particles accelerated by
shocks with �⇡ 3 - 10

The simple power-law spectrum extending over eight orders
of magnitude in frequency indicates that radio and X-ray ra-
diation are part of the same non-thermal emission component,
which we identify as synchrotron emission. At all times of our
monitoring the synchrotron cooling frequency ⌫c is above the
X-ray band, ⌫m is below the radio band and the observed radio
and X-ray emission is on the F⌫ / ⌫-(p-1)/2 spectral segment,
where p is the index of the non-thermal electrons accelerated
into a power-law distribution Ne(�) / �-p at the shock front.
From our best-fitting �XR, we infer p = 2.17±0.01.

The precise measurement of the power-law slope p (ul-
timately enabled by the very simple spectral shape) allows
us to test with unprecedented accuracy the predictions of the
Fermi process for particle acceleration in relativistic shocks.
The power-law index in trans-relativistic shocks will lie in
between the value p = 2 expected at non-relativistic shock
speeds (Bell 1978; Blandford & Ostriker 1978; Blandford
& Eichler 1987) and p ' 2.22 at ultra-relativistic velocities
(Kirk et al. 2000; Achterberg et al. 2001; Keshet & Waxman
2005; Sironi et al. 2013). From Keshet & Waxman (2005),
we estimate that the measured p = 2.17±0.01 implies a shock
Lorentz factor of �⇠ 5 at 110 d (the 3� c.l. is �⇠ 3-10). The
straightforward implication is then that we are seeing electron

FIG. 1.— Evolution of the broad-band radio-to-X-ray SED of GW170817
from 9 d until 110 d since merger. The radio and X-ray data are dominated by
non-thermal synchrotron emission from the GW170817 afterglow at all times
and consistently track each other on a F⌫ / ⌫-0.6 spectral power-law seg-
ment. At early times t  15 d the optical-NIR is dominated by radioactively
powered emission from the KN. By day 110 the KN component has faded
away and the detected optical-NIR emission is dominated by the F⌫ / ⌫-0.6

afterglow radiation. Filled circles: CXO data. Filled squares: VLA. Note
that while Hallinan et al. (2017) consider their 6 GHz measurement at ⇠ 10
days only as a potential detection, here we show that it does naturally lie on
the / ⌫-0.6 extrapolation of the X-ray data, which suggests that this is in
fact a real detection (and the earliest radio detection of GW170817). Filled
diamonds at 15 and 9 d: optical-NIR data from Villar et al. (2017). For
day 9 we show the actual data from Tanvir et al. (2017); Soares-Santos et al.
(2017); Cowperthwaite et al. (2017); Kasliwal et al. (2017), while for day
15 we show the extrapolated values from the best fitting model from Vil-
lar et al. (2017). Black dashed line: F⌫ / ⌫-�XR afterglow component with
�XR = 0.585± 0.005 that best fits the observations at 110 d. Dashed red and
blue lines: same afterglow model renormalized to match the observed flux
level at 15 d and 9d. Dotted line: best fitting KN component. The SED at 15
d and 9 d have been rescaled for displaying purposes. The HST observations
from Lyman et al. (2018) obtained at 110 d (filled diamonds) are shown here
for comparison but have not been used in our fits.

acceleration in trans-relativistic shocks in action.10

As the non-thermal spectrum of GW170817 showed neg-
ligible evolution (Fig. 1), a similar line of reasoning applies
to the previous epochs at t  15 d, from which we conclude
that the observed non-thermal radiation from GW170817 at
t < 115 d is always dominated by emission from material with
relatively small �⇠ 3 - 10.

These findings are consistent with the picture proposed by

10 We remark, though, that a power-law electron spectrum with slope
p might not necessarily result in the canonical radiation spectrum F⌫ /
⌫-(p-1)/2, if one of the following conditions are met: (i) the radiative signature
has an appreciable contribution from electrons that cool in the precursor, i.e.,
upstream of the shock front, which has the effect of hardening the observed
spectrum (Sironi & Spitkovsky 2009; Zakine & Lemoine 2017); or (ii) the
magnetic field self-generated by the shock is not uniform in the post-shock
region, but decays away from the shock (e.g., Spitkovsky 2008; Chang et al.
2008; Keshet et al. 2009; Martins et al. 2009; Haugbølle 2011; Sironi et al.
2013). In this case, the observed synchrotron spectrum encodes important
information on the decay profile of the turbulent post-shock fields (Rossi &
Rees 2003; Lemoine 2013; Lemoine et al. 2013).
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plot in Fig. 1 the HST measurement obtained by Lyman et al.
(2018) at 110 d. This comparison shows a remarkable agree-
ment with our bestfitting SED and demonstrates that at 110 d
since merger the optical emission from GW170817 is of non-
thermal origin and originates from the afterglow.

We compile in Fig. 1 the radio-to-X-ray SEDs of
GW170817 at 15 d and 9 d (orange and blue symbols). At
these epochs the thermal emission from the radioactive de-
cay of freshly synthesized heavy elements (i.e. the kilonova)
dominates the UV-optical-NIR bands. Fig. 1 shows that a re-
scaled version of the �XR = 0.585 spectrum that best-fits the
110 d epoch adequately reproduces the X-ray and radio emis-
sion from GW170817 at all times. Interestingly, the extrapo-
lation of the X-ray flux density at 9 d with a / ⌫-0.6 spectrum
matches the 6 GHz measurement reported by Hallinan et al.
(2017) as a potential — but possibly spurious — detection,
suggesting that the 6 GHz measurement is in fact a real detec-
tion (and the earliest radio detection of GW170817).

Based on these results we conclude that the non-thermal
emission from GW experienced negligible spectral evolution
across the electromagnetic spectrum in the last ⇠ 95 d, and
that the radio and X-ray radiation from GW170817 continue
to represent the same non-thermal emission component.

3. INTERPRETATION AND DISCUSSION

3.1. A synchrotron spectrum from particles accelerated by
shocks with �⇡ 3 - 10

The simple power-law spectrum extending over eight orders
of magnitude in frequency indicates that radio and X-ray ra-
diation are part of the same non-thermal emission component,
which we identify as synchrotron emission. At all times of our
monitoring the synchrotron cooling frequency ⌫c is above the
X-ray band, ⌫m is below the radio band and the observed radio
and X-ray emission is on the F⌫ / ⌫-(p-1)/2 spectral segment,
where p is the index of the non-thermal electrons accelerated
into a power-law distribution Ne(�) / �-p at the shock front.
From our best-fitting �XR, we infer p = 2.17±0.01.

The precise measurement of the power-law slope p (ul-
timately enabled by the very simple spectral shape) allows
us to test with unprecedented accuracy the predictions of the
Fermi process for particle acceleration in relativistic shocks.
The power-law index in trans-relativistic shocks will lie in
between the value p = 2 expected at non-relativistic shock
speeds (Bell 1978; Blandford & Ostriker 1978; Blandford
& Eichler 1987) and p ' 2.22 at ultra-relativistic velocities
(Kirk et al. 2000; Achterberg et al. 2001; Keshet & Waxman
2005; Sironi et al. 2013). From Keshet & Waxman (2005),
we estimate that the measured p = 2.17±0.01 implies a shock
Lorentz factor of �⇠ 5 at 110 d (the 3� c.l. is �⇠ 3-10). The
straightforward implication is then that we are seeing electron

FIG. 1.— Evolution of the broad-band radio-to-X-ray SED of GW170817
from 9 d until 110 d since merger. The radio and X-ray data are dominated by
non-thermal synchrotron emission from the GW170817 afterglow at all times
and consistently track each other on a F⌫ / ⌫-0.6 spectral power-law seg-
ment. At early times t  15 d the optical-NIR is dominated by radioactively
powered emission from the KN. By day 110 the KN component has faded
away and the detected optical-NIR emission is dominated by the F⌫ / ⌫-0.6

afterglow radiation. Filled circles: CXO data. Filled squares: VLA. Note
that while Hallinan et al. (2017) consider their 6 GHz measurement at ⇠ 10
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FIG. 1.— Evolution of the broad-band radio-to-X-ray SED of GW170817
from 9 d until 110 d since merger. The radio and X-ray data are dominated by
non-thermal synchrotron emission from the GW170817 afterglow at all times
and consistently track each other on a F⌫ / ⌫-0.6 spectral power-law seg-
ment. At early times t  15 d the optical-NIR is dominated by radioactively
powered emission from the KN. By day 110 the KN component has faded
away and the detected optical-NIR emission is dominated by the F⌫ / ⌫-0.6

afterglow radiation. Filled circles: CXO data. Filled squares: VLA. Note
that while Hallinan et al. (2017) consider their 6 GHz measurement at ⇠ 10
days only as a potential detection, here we show that it does naturally lie on
the / ⌫-0.6 extrapolation of the X-ray data, which suggests that this is in
fact a real detection (and the earliest radio detection of GW170817). Filled
diamonds at 15 and 9 d: optical-NIR data from Villar et al. (2017). For
day 9 we show the actual data from Tanvir et al. (2017); Soares-Santos et al.
(2017); Cowperthwaite et al. (2017); Kasliwal et al. (2017), while for day
15 we show the extrapolated values from the best fitting model from Vil-
lar et al. (2017). Black dashed line: F⌫ / ⌫-�XR afterglow component with
�XR = 0.585± 0.005 that best fits the observations at 110 d. Dashed red and
blue lines: same afterglow model renormalized to match the observed flux
level at 15 d and 9d. Dotted line: best fitting KN component. The SED at 15
d and 9 d have been rescaled for displaying purposes. The HST observations
from Lyman et al. (2018) obtained at 110 d (filled diamonds) are shown here
for comparison but have not been used in our fits.
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upstream of the shock front, which has the effect of hardening the observed
spectrum (Sironi & Spitkovsky 2009; Zakine & Lemoine 2017); or (ii) the
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that while Hallinan et al. (2017) consider their 6 GHz measurement at ⇠ 10
days only as a potential detection, here we show that it does naturally lie on
the / ⌫-0.6 extrapolation of the X-ray data, which suggests that this is in
fact a real detection (and the earliest radio detection of GW170817). Filled
diamonds at 15 and 9 d: optical-NIR data from Villar et al. (2017). For
day 9 we show the actual data from Tanvir et al. (2017); Soares-Santos et al.
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15 we show the extrapolated values from the best fitting model from Vil-
lar et al. (2017). Black dashed line: F⌫ / ⌫-�XR afterglow component with
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blue lines: same afterglow model renormalized to match the observed flux
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for comparison but have not been used in our fits.

acceleration in trans-relativistic shocks in action.10

As the non-thermal spectrum of GW170817 showed neg-
ligible evolution (Fig. 1), a similar line of reasoning applies
to the previous epochs at t  15 d, from which we conclude
that the observed non-thermal radiation from GW170817 at
t < 115 d is always dominated by emission from material with
relatively small �⇠ 3 - 10.

These findings are consistent with the picture proposed by

10 We remark, though, that a power-law electron spectrum with slope
p might not necessarily result in the canonical radiation spectrum F⌫ /
⌫-(p-1)/2, if one of the following conditions are met: (i) the radiative signature
has an appreciable contribution from electrons that cool in the precursor, i.e.,
upstream of the shock front, which has the effect of hardening the observed
spectrum (Sironi & Spitkovsky 2009; Zakine & Lemoine 2017); or (ii) the
magnetic field self-generated by the shock is not uniform in the post-shock
region, but decays away from the shock (e.g., Spitkovsky 2008; Chang et al.
2008; Keshet et al. 2009; Martins et al. 2009; Haugbølle 2011; Sironi et al.
2013). In this case, the observed synchrotron spectrum encodes important
information on the decay profile of the turbulent post-shock fields (Rossi &
Rees 2003; Lemoine 2013; Lemoine et al. 2013).
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The best-fitting ↵ is then used to renormalize the flux densi-
ties measured at �t = 111 - 114 d to a common epoch of 109
d since merger (to match the time of CXO observations). Fi-
nally, we estimate � f from a joint fit of the broad-band radio-
to-X-ray spectrum at 109 d. This procedure is repeated un-
til convergence (i.e. � f = � f within error bars). We find
�XR = 0.585 ± 0.005 and ↵ = 0.73 ± 0.04 (Fig. 1). As a
comparison, from the analysis of radio data alone at t < 93
d Mooley et al. 2017 infer �R = 0.61± 0.05, consistent with
our results. Our measurement of the spectral slope benefits
from the significantly larger baseline of eight orders of mag-
nitude in frequency, and is consequently more precise. We
plot in Fig. 1 the HST measurement obtained by Lyman et al.
(2018) at 110 d. This comparison shows a remarkable agree-
ment with our bestfitting SED and demonstrates that at 110 d
since merger the optical emission from GW170817 is of non-
thermal origin and originates from the afterglow.

We compile in Fig. 1 the radio-to-X-ray SEDs of
GW170817 at 15 d and 9 d (orange and blue symbols). At
these epochs the thermal emission from the radioactive de-
cay of freshly synthesized heavy elements (i.e. the kilonova)
dominates the UV-optical-NIR bands. Fig. 1 shows that a re-
scaled version of the �XR = 0.585 spectrum that best-fits the
110 d epoch adequately reproduces the X-ray and radio emis-
sion from GW170817 at all times. Interestingly, the extrapo-
lation of the X-ray flux density at 9 d with a / ⌫-0.6 spectrum
matches the 6 GHz measurement reported by Hallinan et al.
(2017) as a potential — but possibly spurious — detection,
suggesting that the 6 GHz measurement is in fact a real detec-
tion (and the earliest radio detection of GW170817).

Based on these results we conclude that the non-thermal
emission from GW experienced negligible spectral evolution
across the electromagnetic spectrum in the last ⇠ 95 d, and
that the radio and X-ray radiation from GW170817 continue
to represent the same non-thermal emission component.

3. INTERPRETATION AND DISCUSSION

3.1. A synchrotron spectrum from particles accelerated by
shocks with �⇡ 3 - 10

The simple power-law spectrum extending over eight orders
of magnitude in frequency indicates that radio and X-ray ra-
diation are part of the same non-thermal emission component,
which we identify as synchrotron emission. At all times of our
monitoring the synchrotron cooling frequency ⌫c is above the
X-ray band, ⌫m is below the radio band and the observed radio
and X-ray emission is on the F⌫ / ⌫-(p-1)/2 spectral segment,
where p is the index of the non-thermal electrons accelerated
into a power-law distribution Ne(�) / �-p at the shock front.
From our best-fitting �XR, we infer p = 2.17±0.01.

The precise measurement of the power-law slope p (ul-
timately enabled by the very simple spectral shape) allows
us to test with unprecedented accuracy the predictions of the
Fermi process for particle acceleration in relativistic shocks.
The power-law index in trans-relativistic shocks will lie in
between the value p = 2 expected at non-relativistic shock
speeds (Bell 1978; Blandford & Ostriker 1978; Blandford
& Eichler 1987) and p ' 2.22 at ultra-relativistic velocities
(Kirk et al. 2000; Achterberg et al. 2001; Keshet & Waxman
2005; Sironi et al. 2013). From Keshet & Waxman (2005),
we estimate that the measured p = 2.17±0.01 implies a shock
Lorentz factor of �⇠ 5 at 110 d (the 3� c.l. is �⇠ 3-10). The
straightforward implication is then that we are seeing electron

FIG. 1.— Evolution of the broad-band radio-to-X-ray SED of GW170817
from 9 d until 110 d since merger. The radio and X-ray data are dominated by
non-thermal synchrotron emission from the GW170817 afterglow at all times
and consistently track each other on a F⌫ / ⌫-0.6 spectral power-law seg-
ment. At early times t  15 d the optical-NIR is dominated by radioactively
powered emission from the KN. By day 110 the KN component has faded
away and the detected optical-NIR emission is dominated by the F⌫ / ⌫-0.6

afterglow radiation. Filled circles: CXO data. Filled squares: VLA. Note
that while Hallinan et al. (2017) consider their 6 GHz measurement at ⇠ 10
days only as a potential detection, here we show that it does naturally lie on
the / ⌫-0.6 extrapolation of the X-ray data, which suggests that this is in
fact a real detection (and the earliest radio detection of GW170817). Filled
diamonds at 15 and 9 d: optical-NIR data from Villar et al. (2017). For
day 9 we show the actual data from Tanvir et al. (2017); Soares-Santos et al.
(2017); Cowperthwaite et al. (2017); Kasliwal et al. (2017), while for day
15 we show the extrapolated values from the best fitting model from Vil-
lar et al. (2017). Black dashed line: F⌫ / ⌫-�XR afterglow component with
�XR = 0.585± 0.005 that best fits the observations at 110 d. Dashed red and
blue lines: same afterglow model renormalized to match the observed flux
level at 15 d and 9d. Dotted line: best fitting KN component. The SED at 15
d and 9 d have been rescaled for displaying purposes. The HST observations
from Lyman et al. (2018) obtained at 110 d (filled diamonds) are shown here
for comparison but have not been used in our fits.

acceleration in trans-relativistic shocks in action.10

As the non-thermal spectrum of GW170817 showed neg-
ligible evolution (Fig. 1), a similar line of reasoning applies
to the previous epochs at t  15 d, from which we conclude
that the observed non-thermal radiation from GW170817 at
t < 115 d is always dominated by emission from material with
relatively small �⇠ 3 - 10.

These findings are consistent with the picture proposed by

10 We remark, though, that a power-law electron spectrum with slope
p might not necessarily result in the canonical radiation spectrum F⌫ /
⌫-(p-1)/2, if one of the following conditions are met: (i) the radiative signature
has an appreciable contribution from electrons that cool in the precursor, i.e.,
upstream of the shock front, which has the effect of hardening the observed
spectrum (Sironi & Spitkovsky 2009; Zakine & Lemoine 2017); or (ii) the
magnetic field self-generated by the shock is not uniform in the post-shock
region, but decays away from the shock (e.g., Spitkovsky 2008; Chang et al.
2008; Keshet et al. 2009; Martins et al. 2009; Haugbølle 2011; Sironi et al.
2013). In this case, the observed synchrotron spectrum encodes important
information on the decay profile of the turbulent post-shock fields (Rossi &
Rees 2003; Lemoine 2013; Lemoine et al. 2013).
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The best-fitting ↵ is then used to renormalize the flux densi-
ties measured at �t = 111 - 114 d to a common epoch of 109
d since merger (to match the time of CXO observations). Fi-
nally, we estimate � f from a joint fit of the broad-band radio-
to-X-ray spectrum at 109 d. This procedure is repeated un-
til convergence (i.e. � f = � f within error bars). We find
�XR = 0.585 ± 0.005 and ↵ = 0.73 ± 0.04 (Fig. 1). As a
comparison, from the analysis of radio data alone at t < 93
d Mooley et al. 2017 infer �R = 0.61± 0.05, consistent with
our results. Our measurement of the spectral slope benefits
from the significantly larger baseline of eight orders of mag-
nitude in frequency, and is consequently more precise. We
plot in Fig. 1 the HST measurement obtained by Lyman et al.
(2018) at 110 d. This comparison shows a remarkable agree-
ment with our bestfitting SED and demonstrates that at 110 d
since merger the optical emission from GW170817 is of non-
thermal origin and originates from the afterglow.

We compile in Fig. 1 the radio-to-X-ray SEDs of
GW170817 at 15 d and 9 d (orange and blue symbols). At
these epochs the thermal emission from the radioactive de-
cay of freshly synthesized heavy elements (i.e. the kilonova)
dominates the UV-optical-NIR bands. Fig. 1 shows that a re-
scaled version of the �XR = 0.585 spectrum that best-fits the
110 d epoch adequately reproduces the X-ray and radio emis-
sion from GW170817 at all times. Interestingly, the extrapo-
lation of the X-ray flux density at 9 d with a / ⌫-0.6 spectrum
matches the 6 GHz measurement reported by Hallinan et al.
(2017) as a potential — but possibly spurious — detection,
suggesting that the 6 GHz measurement is in fact a real detec-
tion (and the earliest radio detection of GW170817).

Based on these results we conclude that the non-thermal
emission from GW experienced negligible spectral evolution
across the electromagnetic spectrum in the last ⇠ 95 d, and
that the radio and X-ray radiation from GW170817 continue
to represent the same non-thermal emission component.

3. INTERPRETATION AND DISCUSSION

3.1. A synchrotron spectrum from particles accelerated by
shocks with �⇡ 3 - 10

The simple power-law spectrum extending over eight orders
of magnitude in frequency indicates that radio and X-ray ra-
diation are part of the same non-thermal emission component,
which we identify as synchrotron emission. At all times of our
monitoring the synchrotron cooling frequency ⌫c is above the
X-ray band, ⌫m is below the radio band and the observed radio
and X-ray emission is on the F⌫ / ⌫-(p-1)/2 spectral segment,
where p is the index of the non-thermal electrons accelerated
into a power-law distribution Ne(�) / �-p at the shock front.
From our best-fitting �XR, we infer p = 2.17±0.01.

The precise measurement of the power-law slope p (ul-
timately enabled by the very simple spectral shape) allows
us to test with unprecedented accuracy the predictions of the
Fermi process for particle acceleration in relativistic shocks.
The power-law index in trans-relativistic shocks will lie in
between the value p = 2 expected at non-relativistic shock
speeds (Bell 1978; Blandford & Ostriker 1978; Blandford
& Eichler 1987) and p ' 2.22 at ultra-relativistic velocities
(Kirk et al. 2000; Achterberg et al. 2001; Keshet & Waxman
2005; Sironi et al. 2013). From Keshet & Waxman (2005),
we estimate that the measured p = 2.17±0.01 implies a shock
Lorentz factor of �⇠ 5 at 110 d (the 3� c.l. is �⇠ 3-10). The
straightforward implication is then that we are seeing electron

FIG. 1.— Evolution of the broad-band radio-to-X-ray SED of GW170817
from 9 d until 110 d since merger. The radio and X-ray data are dominated by
non-thermal synchrotron emission from the GW170817 afterglow at all times
and consistently track each other on a F⌫ / ⌫-0.6 spectral power-law seg-
ment. At early times t  15 d the optical-NIR is dominated by radioactively
powered emission from the KN. By day 110 the KN component has faded
away and the detected optical-NIR emission is dominated by the F⌫ / ⌫-0.6

afterglow radiation. Filled circles: CXO data. Filled squares: VLA. Note
that while Hallinan et al. (2017) consider their 6 GHz measurement at ⇠ 10
days only as a potential detection, here we show that it does naturally lie on
the / ⌫-0.6 extrapolation of the X-ray data, which suggests that this is in
fact a real detection (and the earliest radio detection of GW170817). Filled
diamonds at 15 and 9 d: optical-NIR data from Villar et al. (2017). For
day 9 we show the actual data from Tanvir et al. (2017); Soares-Santos et al.
(2017); Cowperthwaite et al. (2017); Kasliwal et al. (2017), while for day
15 we show the extrapolated values from the best fitting model from Vil-
lar et al. (2017). Black dashed line: F⌫ / ⌫-�XR afterglow component with
�XR = 0.585± 0.005 that best fits the observations at 110 d. Dashed red and
blue lines: same afterglow model renormalized to match the observed flux
level at 15 d and 9d. Dotted line: best fitting KN component. The SED at 15
d and 9 d have been rescaled for displaying purposes. The HST observations
from Lyman et al. (2018) obtained at 110 d (filled diamonds) are shown here
for comparison but have not been used in our fits.

acceleration in trans-relativistic shocks in action.10

As the non-thermal spectrum of GW170817 showed neg-
ligible evolution (Fig. 1), a similar line of reasoning applies
to the previous epochs at t  15 d, from which we conclude
that the observed non-thermal radiation from GW170817 at
t < 115 d is always dominated by emission from material with
relatively small �⇠ 3 - 10.

These findings are consistent with the picture proposed by

10 We remark, though, that a power-law electron spectrum with slope
p might not necessarily result in the canonical radiation spectrum F⌫ /
⌫-(p-1)/2, if one of the following conditions are met: (i) the radiative signature
has an appreciable contribution from electrons that cool in the precursor, i.e.,
upstream of the shock front, which has the effect of hardening the observed
spectrum (Sironi & Spitkovsky 2009; Zakine & Lemoine 2017); or (ii) the
magnetic field self-generated by the shock is not uniform in the post-shock
region, but decays away from the shock (e.g., Spitkovsky 2008; Chang et al.
2008; Keshet et al. 2009; Martins et al. 2009; Haugbølle 2011; Sironi et al.
2013). In this case, the observed synchrotron spectrum encodes important
information on the decay profile of the turbulent post-shock fields (Rossi &
Rees 2003; Lemoine 2013; Lemoine et al. 2013).
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Mooley/Gottlieb+19

CONCORDANT PICTURE:  
An off-axis jetted relativistic outflow with structure

Jet core~ 5 deg
Off-axis angle ~ 20-30 deg

Ejet~10^49-10^50 erg
n~ 0.001- 0.01 cm-3



An off-axis jetted relativistic outflow with structure: 
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An off-axis jetted relativistic outflow with structure: 
Parameter Degeneracy

Ek vs n

n<0.01 cm-3
Ek~ 10^49 erg
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The OUTFLOW 
STRUCTURE:

Jet core~ 5 deg
Off-axis angle ~ 20-30 deg

Ejet~10^50 erg
n<= 0.01 cm-3

Hajela+19
Ghirlanda+19
Lazzati+19
Kathirgamaraju+19
Mooley/Gottlieb+19

WINGS

 wider-angle outflow with Γ≈ a few

Physically, 
they are likely to originate from a cocoon inflated by the jet as it 

propagates through the binary merger ejecta
(E.g. Lazzati+, Gottlieb+, Bromberg+)
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Not unprecedented!

Θjet~5 deg

Energy Partitioning

GW170817



A structured ultra-relativistic 
outflow in a low density 

environment provides a natural 
explanation of what we are 

observing in GW170817



How to distinguish which model is 
correct?

Synch. Cooling Frequency

Temporal Decay

“Image” of the blast wave



Introduce STRUCTURE in the quasi-
spherical ejecta 

Figure 4.  Radio light curves arising from quasi-spherical ejecta with a velocity gradient

compared with the 3 GHz light curve (ref. 12 and Extended Data Table 1). Two light curves

(red solid and blue dashed) show single power law models with a maximum Lorentz factor

=3.5,  and  with  a  maximum velocity  =v/c=0.8.  The  former  and  latter  approximatelyɣ β

correspond to the cocoon and dynamical ejecta, respectively. The shallow rise of the radio

data is consistent with a profile of E(> )  ( )βɣ ∝ βɣ -5 . For n~0.03 cm-3, the observed radio

flux at 93 days is produced by an ejecta component with a velocity of ~0.6c and kinetic

energy of  ~1049 erg.  For  a  lower ISM density  ~10-4 cm-3,  the radio flux at  93 days is

produced by a component with a velocity of 0.9c and energy 1050 erg. ⇥e=0.1 and p=2.2

are used for both models. Also shown as a black dotted curve is the light curve of a

cocoon model taken from ref. 14, where n=1.3x10-4 cm-3, ⇥B=0.01, ⇥e=0.1 and p=2.1 are

used.

E(>GammaBeta)~(GammaBeta)^-alpha

Mooley+2017

3 GHz data

Tail of the  
merger ejecta

Cocoon  driven 
 by a wide angle  

chocked jet

!c (t)

Hallinan, Corsi +2017



Synchrotron Cooling Frequency Evolution

Ejecta Tidal Tail models

Structured collimated  
ultra-rel outflows

Cocoon Models
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TEMPORAL DECAY

Lamb+2018

Jet+Cocoon (non expanding)

Jet+Cocoon (expanding)

Chocked Jet

Measured at t>(5-6)x t_peak

Cocoon  
in free expansion
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VLBI images of GW170817
Mooley+2018; Ghirlanda+2019;

75 days 230 days

2.7 +\- 0.3 mas

Unresolved + Superluminal motion of centroid
Rules out spherical explosions + axi-symmetric explosions 

E.g. Zrake+2018, Mooley+2018, Ghirlanda+2019



Zrake+2018

Superluminal motion of centroid not enough by 
itself to distinguish between successful vs. 

chocked jet



Zrake+2018

Time when  
centroid reverses 

its motion

Image size when 
resolved

Centroid offset starts to decrease earlier in 
successful jets models, reaches larger offsets 

and images are smaller



The emission is (still) non-thermal 
and with the very same spectrum

It is decaying with time

Ejecta Tidal Tail models are disfavored

GW170817 consistent with having 
harbored a SGRB-like outflow at ~30 deg 
off-axis, with a  ~5 deg relativistic core, 

Ek~ some 10^49, n~10^-2 cm-3. 
These properties are NOT 

UNPRECEDENTED 

Pure cocoon models disfavored

See Wu+2018, Wu+2019



GW170817 in the context of SGRBs: 
why GW170817 (and alike) is a unique 

opportunity

Discovery Frontiers

Constraining the physical parameters of BNS outflows

Connection to Cosmology 

Nature of the remnant

BH-NS mergers
Population of BNS



ENERGETICS and SUB-PC 
ENVIRONMENTS of SGRBs

Fong+2015

Out of >100 SGRBs, 4 radio detections
Impairs our ability to accurately constrain Ek, n, "jet, 

(+microphysics) 

~10 days
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GW170817

Jet comes into view
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GW170817

~t-2

After Jet Break



Observations are sparse, so we can’t solve for all the model 
parameters, and typically we do not know !sa, !m, !c 

( = we do not solve for #_e and #_B) 
==> location of  !sa, !m, is typically a reasonable assumption, 

!c is inferred for ~50% of the sample. 

!m (!sa)< Optical< !c 

Radio < !m 
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COLLIMATION of the FASTEST 
EJECTA

==> Jet Breaks

Best example:



Collimation in SGRBs

Fong+2015

==> Jet Breaks

Very small statistics of few



Non-thermal synchrotron emission across the spectrum: 
the show is still on

Extremely well-
behaved SPL 

spectrum over 8 
orders of magnitude 

in frequency

Particle acceleration by  
trans-relativistic shock 

in action! 
Emitting material has 

ỉ~3-10 
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GW170817 at a given frequency using the entire set of ra-
dio observations available at all frequencies. Radio data have
been compiled from Alexander et al. (2017), Hallinan et al.
(2017), Kim et al. (2017) and Mooley et al. (2017). We fit
the master radio light-curve with a power-law model F⌫ / t↵.
The best-fitting ↵ is then used to renormalize the flux densi-
ties measured at �t = 111 - 114 d to a common epoch of 109
d since merger (to match the time of CXO observations). Fi-
nally, we estimate � f from a joint fit of the broad-band radio-
to-X-ray spectrum at 109 d. This procedure is repeated un-
til convergence (i.e. � f = � f within error bars). We find
�XR = 0.585 ± 0.005 and ↵ = 0.73 ± 0.04 (Fig. 1). As a
comparison, from the analysis of radio data alone at t < 93
d Mooley et al. 2017 infer �R = 0.61± 0.05, consistent with
our results. Our measurement of the spectral slope benefits
from the significantly larger baseline of eight orders of mag-
nitude in frequency, and is consequently more precise. We
plot in Fig. 1 the HST measurement obtained by Lyman et al.
(2018) at 110 d. This comparison shows a remarkable agree-
ment with our bestfitting SED and demonstrates that at 110 d
since merger the optical emission from GW170817 is of non-
thermal origin and originates from the afterglow.

We compile in Fig. 1 the radio-to-X-ray SEDs of
GW170817 at 15 d and 9 d (orange and blue symbols). At
these epochs the thermal emission from the radioactive de-
cay of freshly synthesized heavy elements (i.e. the kilonova)
dominates the UV-optical-NIR bands. Fig. 1 shows that a re-
scaled version of the �XR = 0.585 spectrum that best-fits the
110 d epoch adequately reproduces the X-ray and radio emis-
sion from GW170817 at all times. Interestingly, the extrapo-
lation of the X-ray flux density at 9 d with a / ⌫-0.6 spectrum
matches the 6 GHz measurement reported by Hallinan et al.
(2017) as a potential — but possibly spurious — detection,
suggesting that the 6 GHz measurement is in fact a real detec-
tion (and the earliest radio detection of GW170817).

Based on these results we conclude that the non-thermal
emission from GW experienced negligible spectral evolution
across the electromagnetic spectrum in the last ⇠ 95 d, and
that the radio and X-ray radiation from GW170817 continue
to represent the same non-thermal emission component.

3. INTERPRETATION AND DISCUSSION

3.1. A synchrotron spectrum from particles accelerated by
shocks with �⇡ 3 - 10

The simple power-law spectrum extending over eight orders
of magnitude in frequency indicates that radio and X-ray ra-
diation are part of the same non-thermal emission component,
which we identify as synchrotron emission. At all times of our
monitoring the synchrotron cooling frequency ⌫c is above the
X-ray band, ⌫m is below the radio band and the observed radio
and X-ray emission is on the F⌫ / ⌫-(p-1)/2 spectral segment,
where p is the index of the non-thermal electrons accelerated
into a power-law distribution Ne(�) / �-p at the shock front.
From our best-fitting �XR, we infer p = 2.17±0.01.

The precise measurement of the power-law slope p (ul-
timately enabled by the very simple spectral shape) allows
us to test with unprecedented accuracy the predictions of the
Fermi process for particle acceleration in relativistic shocks.
The power-law index in trans-relativistic shocks will lie in
between the value p = 2 expected at non-relativistic shock
speeds (Bell 1978; Blandford & Ostriker 1978; Blandford
& Eichler 1987) and p ' 2.22 at ultra-relativistic velocities
(Kirk et al. 2000; Achterberg et al. 2001; Keshet & Waxman

FIG. 1.— Evolution of the broad-band radio-to-X-ray SED of GW170817
from 9 d until 110 d since merger. The radio and X-ray data are dominated by
non-thermal synchrotron emission from the GW170817 afterglow at all times
and consistently track each other on a F⌫ / ⌫-0.6 spectral power-law seg-
ment. At early times t  15 d the optical-NIR is dominated by radioactively
powered emission from the KN. By day 110 the KN component has faded
away and the detected optical-NIR emission is dominated by the F⌫ / ⌫-0.6

afterglow radiation. Filled circles: CXO data. Filled squares: VLA. Note
that while Hallinan et al. (2017) consider their 6 GHz measurement at ⇠ 10
days only as a potential detection, here we show that it does naturally lie on
the / ⌫-0.6 extrapolation of the X-ray data, which suggests that this is in
fact a real detection (and the earliest radio detection of GW170817). Filled
diamonds at 15 and 9 d: optical-NIR data from Villar et al. (2017). For
day 9 we show the actual data from Tanvir et al. (2017); Soares-Santos et al.
(2017); Cowperthwaite et al. (2017); Kasliwal et al. (2017), while for day
15 we show the extrapolated values from the best fitting model from Vil-
lar et al. (2017). Black dashed line: F⌫ / ⌫-�XR afterglow component with
�XR = 0.585± 0.005 that best fits the observations at 110 d. Dashed red and
blue lines: same afterglow model renormalized to match the observed flux
level at 15 d and 9d. Dotted line: best fitting KN component. The SED at 15
d and 9 d have been rescaled for displaying purposes. The HST observations
from Lyman et al. (2018) obtained at 110 d (filled diamonds) are shown here
for comparison but have not been used in our fits.

2005; Sironi et al. 2013). From Keshet & Waxman (2005),
we estimate that the measured p = 2.17±0.01 implies a shock
Lorentz factor of �⇠ 5 at 110 d (the 3� c.l. is �⇠ 3-10). The
straightforward implication is then that we are seeing electron
acceleration in trans-relativistic shocks in action.10

As the non-thermal spectrum of GW170817 showed neg-
ligible evolution (Fig. 1), a similar line of reasoning applies
to the previous epochs at t  15 d, from which we conclude

10 We remark, though, that a power-law electron spectrum with slope
p might not necessarily result in the canonical radiation spectrum F⌫ /
⌫-(p-1)/2, if one of the following conditions are met: (i) the radiative signature
has an appreciable contribution from electrons that cool in the precursor, i.e.,
upstream of the shock front, which has the effect of hardening the observed
spectrum (Sironi & Spitkovsky 2009; Zakine & Lemoine 2017); or (ii) the
magnetic field self-generated by the shock is not uniform in the post-shock
region, but decays away from the shock (e.g., Spitkovsky 2008; Chang et al.
2008; Keshet et al. 2009; Martins et al. 2009; Haugbølle 2011; Sironi et al.
2013). In this case, the observed synchrotron spectrum encodes important
information on the decay profile of the turbulent post-shock fields (Rossi &
Rees 2003; Lemoine 2013; Lemoine et al. 2013).



WHAT WE DO NOT  
UNDERSTAND?

(1) Extended Emission

(3) GRB130603B - X-ray excess

(2) Temporal Variability



Extended Emission

Norris & Bonnel 2006



Extended Emission
GRB080503

Perley+2009



SGRB X-ray Variability

Lpk~1d47 erg/s

Margutti+12



SGRB X-ray Variability

Margutti+2011

X-ray variability in GW170817?



X-ray variability in GW170817?

The nature of the remnant 

Piro+2018

Poissonian 
Probability = 3.3 σ

(*not accounting for trials)

Reduced statistical 
significance

of 2.2 σ when the number of 
trials is properly accounted for

Piro+2018

Hajela+2019



This is Gold

Red KNBlue KN

NSF/LIGO/Sonoma State University/A. SimonnetNakar & Piran 2011; Metzger & Berger 2012; Metzger & Bower 2014; Hotokezaka & Piran 2015  

n=1e-3 cm-3

Emission from central engine?

Unlikely to be able 
to escape at early times 

t<100 days

BUT:
photoionization of the  

ejecta (for Lx>10^44 erg/s) 

Funnel geometry 



X-ray “excess” in GRB130603B

Berger+2013, Tanvir+2013

Fong+2014
Kisaka+2016
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GW170817 in the context of SGRBs: 
why GW170817 (and alike) is a unique 

opportunity

Discovery Frontiers

Constraining the physical parameters of BNS outflows

Connection to Cosmology 

Nature of the remnant

BH-NS mergers
Population of BNS

Future obs of GW170817



Spectroscopic characterization:  
the Extremely Large Telescopes (ELTs)

Heavy	elements	production	in	the	
Universe

01/07/2019 U.S.	ELT	Program	- AAS	#233 5

Chemical	Enrichment	of	the	
Universe:	Production	and	
Enrichment	history	of	the	heaviest	
chemical	elements	
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Conveners for Time Domain and MMA: D. Milisavljevic, R. Chornock 
Representative on the US-ELT Advisory Committee: Margutti



Why	the	ELTs?
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Mapping	the	spectroscopic	diversity of	the	most	distant	mergers	discovered	by	GW	interferometers	

z=0.1
z=0.024

z=0.2
NOW

ELTs	Era



Why	the	ELTs?
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Why	two ELTs?

01/07/2019 U.S.	ELT	Program	- AAS	#233 1001/07/2019 U.S.	ELT	Program	- AAS	#233 10

Mapping	the	spectroscopic	diversity of	the	most	distant	mergers	discovered	by	GW	interferometers	
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2-hemisphere	system	à all-sky	coverage
Longitudinal	separation	of	GMT	&	TMT
Complementary	Instrumentation

Chornock  et al., arXiv:1903.04629

“Multi-Messenger Astronomy with Extremely Large 
Telescopes”



LSST: ToOs to tile the field of GW sources

ZTF ZTF

ZTFDECam

DECam DECam

DECam DECam

DECamLSST



LSST: ToOs to tile the field of GW sources

ZTF ZTF

ZTFDECam

DECam DECam

DECam DECam

DECamLSST



This is Gold
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NSF/LIGO/Sonoma State University/A. Simonnet

preferred by our modeling of the radio and X-ray counterparts
to GW170817.

We predict that the blue KN component will dominate the
radio emission at all times and will be detectable with the VLA
at its current sensitivity as early as ∼5 years post-merger for
= - -n 10 cm2 3. This component dominates because of its

larger kinetic energy and earlier deceleration time. For densities
1 ´ -n 3 10 3 cm−3, the blue KN will not be detectable with

the current VLA, but the next generation of sensitive radio
telescopes, including ngVLA (McKinnon et al. 2016) and
SKA1-MID (Carilli & Rawlings 2004) will be able to detect
emission from this component for decades. Emission from the
red KN component remains sub-dominant at all times. We note
that radio emission from the KN ejecta-ISM interaction could
begin even earlier than we have predicted if the ejecta contains
a moderate tail of even faster-expanding matter with velocity
2 c0.3 , to which optical KN observations of GW170817 are not
sensitive (since its optical/UV emission would have peaked on
earlier timescales of a few hours; e.g., Metzger et al. 2015;
Nakar & Piran 2017).

5. Conclusions

We presented extensive radio follow-up observations of
GW170817 at centimeter and millimeter wavelengths, including
the earliest observations taken in these bands. Our observations
rule out a typical SGRB on-axis jet ( 2E 10K,iso

48 erg). Instead,
we find that our radio observations, together with the X-ray
light curve (Margutti et al. 2017), can be jointly explained as
the afterglow from an off-axis relativistic jet with an energy
of –10 1049 50 erg expanding into a low-density medium of
~ - -–10 104 2 cm−3, at an inferred q » n n–20 40obs . Under this
interpretation, GW170817 would be the first detection of an
off-axis afterglow from an SGRB, and would also be the first
direct observational evidence for the launching of relativistic jets
in BNS mergers. As the early optical emission is dominated by

the KN ejecta, radio and X-ray observations will continue to be
the best way to probe relativistic outflows in BNS mergers
discovered by LIGO/Virgo, the majority of which will be
off-axis (e.g., Metzger & Berger 2012).
We also use the KN ejecta properties inferred from our UV/

optical/NIR data and modeling to place the first observation-
ally motivated constraints on the predicted radio emission from
the non-relativistic ejecta. Detection of this component allows
for an independent measurement of the ejecta properties and
the circumbinary density, but is more challenging than the
detection of the afterglow due to its longevity. For GW170817,
we predict emission from this component on a timescale of at
least a few years post-merger. The next generation of radio
telescopes will come online by the time the emission from
GW170817 and future LIGO/Virgo BNS merger events reach
their peak. In the upcoming era of high-sensitivity all-sky radio
surveys, radio emission from BNS mergers will become a
powerful piece of the EM toolkit in the new field of multi-
messenger GW–EM astronomy.
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Figure 4. Radio emission predicted from decelerated KN ejecta for the two
component model described in Cowperthwaite et al. (2017), assuming the
density range allowed by our VLA observations, = - -–n 10 104 2 cm−3. The
blue KN component (solid blue) is detectable by the VLA at its current
sensitivity for favorable parameters and is easily detectable for most of the
allowed parameter range by the ngVLA and the SKA1-MID at design
sensitivity, both of which are expected to be operational by the time the
emission peaks. The red KN component (crosshatched red) takes longer to
decelerate and is sub-dominant.

6

The Astrophysical Journal Letters, 848:L21 (7pp), 2017 October 20 Alexander et al.

Alexander+2017, Hallinan+2017

10 yrs!!Radio

Nakar & Piran 2011; Metzger & Berger 2012; Metzger & Bower 2014; Hotokezaka & Piran 2015  

n=1e-3 cm-3

The KN Velocity  Structure (and the nature of 
the remnant)



Energy Partitioning
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bulk of the ejecta
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GW170817The KN afterglow (X-rays):
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The KN afterglow (radio):
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Cosmology:
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Update on results from EM follow up in O3:

S190425z
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Update on results from EM follow up in O3:

S190814bv
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Update on results from EM follow up in O3:

S190814bv

Gomez+2019

Swift-XRT
~100% Ongoing Galaxy Targeted  

Radio follow-up 
 (K. Alexander+, K. Mooley+) 
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…The End…

This is not

yet


