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In the mid-1960s, gamma-ray bursts (GRBs) were discovered
by the Vela satellites, and their cosmic origin was first established
by Klebesadel et al. (1973). GRBs are classified as long or short,
based on their duration and spectral hardness(Dezalay et al. 1992;
Kouveliotou et al. 1993). Uncovering the progenitors of GRBs
has been one of the key challenges in high-energy astrophysics
ever since(Lee & Ramirez-Ruiz 2007). It has long been
suggested that short GRBs might be related to neutron star
mergers (Goodman 1986; Paczynski 1986; Eichler et al. 1989;
Narayan et al. 1992).

In 2005, the field of short gamma-ray burst (sGRB) studies
experienced a breakthrough (for reviews see Nakar 2007; Berger
2014) with the identification of the first host galaxies of sGRBs
and multi-wavelength observation (from X-ray to optical and
radio) of their afterglows (Berger et al. 2005; Fox et al. 2005;
Gehrels et al. 2005; Hjorth et al. 2005b; Villasenor et al. 2005).
These observations provided strong hints that sGRBs might be
associated with mergers of neutron stars with other neutron stars
or with black holes. These hints included: (i) their association with
both elliptical and star-forming galaxies (Barthelmy et al. 2005;
Prochaska et al. 2006; Berger et al. 2007; Ofek et al. 2007; Troja
et al. 2008; D’Avanzo et al. 2009; Fong et al. 2013), due to a very
wide range of delay times, as predicted theoretically(Bagot et al.
1998; Fryer et al. 1999; Belczynski et al. 2002); (ii) a broad
distribution of spatial offsets from host-galaxy centers(Berger
2010; Fong & Berger 2013; Tunnicliffe et al. 2014), which was
predicted to arise from supernova kicks(Narayan et al. 1992;
Bloom et al. 1999); and (iii) the absence of associated
supernovae(Fox et al. 2005; Hjorth et al. 2005c, 2005a;
Soderberg et al. 2006; Kocevski et al. 2010; Berger et al.
2013a). Despite these strong hints, proof that sGRBs were
powered by neutron star mergers remained elusive, and interest
intensified in following up gravitational-wave detections electro-
magnetically(Metzger & Berger 2012; Nissanke et al. 2013).

Evidence of beaming in some sGRBs was initially found by
Soderberg et al. (2006) and Burrows et al. (2006) and confirmed

by subsequent sGRB discoveries (see the compilation and
analysis by Fong et al. 2015 and also Troja et al. 2016). Neutron
star binary mergers are also expected, however, to produce
isotropic electromagnetic signals, which include (i) early optical
and infrared emission, a so-called kilonova/macronova (hereafter
kilonova; Li & Paczyński 1998; Kulkarni 2005; Rosswog 2005;
Metzger et al. 2010; Roberts et al. 2011; Barnes & Kasen 2013;
Kasen et al. 2013; Tanaka & Hotokezaka 2013; Grossman et al.
2014; Barnes et al. 2016; Tanaka 2016; Metzger 2017) due to
radioactive decay of rapid neutron-capture process (r-process)
nuclei(Lattimer & Schramm 1974, 1976) synthesized in
dynamical and accretion-disk-wind ejecta during the merger;
and (ii) delayed radio emission from the interaction of the merger
ejecta with the ambient medium (Nakar & Piran 2011; Piran et al.
2013; Hotokezaka & Piran 2015; Hotokezaka et al. 2016). The
late-time infrared excess associated with GRB 130603B was
interpreted as the signature of r-process nucleosynthesis (Berger
et al. 2013b; Tanvir et al. 2013), and more candidates were
identified later (for a compilation see Jin et al. 2016).
Here, we report on the global effort958 that led to the first joint

detection of gravitational and electromagnetic radiation from a
single source. An ∼ 100 s long gravitational-wave signal
(GW170817) was followed by an sGRB (GRB 170817A) and
an optical transient (SSS17a/AT 2017gfo) found in the host
galaxy NGC 4993. The source was detected across the
electromagnetic spectrum—in the X-ray, ultraviolet, optical,
infrared, and radio bands—over hours, days, and weeks. These
observations support the hypothesis that GW170817 was
produced by the merger of two neutron stars in NGC4993,
followed by an sGRB and a kilonova powered by the radioactive
decay of r-process nuclei synthesized in the ejecta.

Figure 1. Localization of the gravitational-wave, gamma-ray, and optical signals. The left panel shows an orthographic projection of the 90% credible regions from
LIGO (190 deg2; light green), the initial LIGO-Virgo localization (31 deg2; dark green), IPN triangulation from the time delay between Fermi and INTEGRAL (light
blue), and Fermi-GBM (dark blue). The inset shows the location of the apparent host galaxy NGC 4993 in the Swope optical discovery image at 10.9 hr after the
merger (top right) and the DLT40 pre-discovery image from 20.5 days prior to merger (bottom right). The reticle marks the position of the transient in both images.

958 A follow-up program established during initial LIGO-Virgo observations
(Abadie et al. 2012) was greatly expanded in preparation for Advanced LIGO-
Virgo observations. Partners have followed up binary black hole detections,
starting with GW150914 (Abbott et al. 2016a), but have discovered no firm
electromagnetic counterparts to those events.

2

The Astrophysical Journal Letters, 848:L12 (59pp), 2017 October 20 Abbott et al.

GW paper, the LVC,  PRL, 2017



10

1250

1500

1750

2000

2250

2500

E
ve

nt
ra

te
(c

ou
nt

s/
s)

Merge
r

GRB star
t

Lightcurve from Fermi/GBM (10 � 50 keV)

750

1000

1250

1500

1750

E
ve

nt
ra

te
(c

ou
nt

s/
s) Lightcurve from Fermi/GBM (50 � 300 keV)

112500

115000

117500

120000

E
ve

nt
ra

te
(c

ou
nt

s/
s) Lightcurve from INTEGRAL/SPI-ACS

(> 100 keV)

�10 �8 �6 �4 �2 0 2 4 6
Time from merger (s)

100

50

200

300

400

F
re

qu
en

cy
(H

z)

Gravitational-wave time-frequency map

Figure 2. The joint, multimessenger detection of GW170817 and GRB 170817A. Top: The summed GBM lightcurve for
sodium iodide (NaI) detectors 1, 2, and 5 for GRB 170817A between 10 and 50 keV, matching the 100 ms time bins of SPI-ACS
data. The background estimate from Goldstein et al. (2016) is overlaid in red. Second: The same as the top panel but in the
50–300 keV energy range. Third: The SPI-ACS lightcurve with the energy range starting approximately at 100 keV and with
a high energy limit of least 80 MeV. Bottom: The time-frequency map of GW170817 was obtained by coherently combining
LIGO-Hanford and LIGO-Livingston data. All times here are referenced to the GW170817 trigger time TGW
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mined for each EOS in order to account for binding en-
ergy variations). These upper limits are compatible with
and complement the lower bounds on MStatic

G from the
observation of the most massive known pulsar, which has
a mass of (2.01 ± 0.04) M� (Antoniadis et al. 2013). In
Section 6.5 we will discuss some model-dependent impli-
cations of the lack of precursor and temporally extended
gamma-ray emission from GRB 170817A on the progen-
itor NSs.

6. GAMMA-RAY ENERGETICS OF GRB 170817A
AND THEIR IMPLICATIONS

Using the measured gamma-ray energy spectrum and
the distance to the host galaxy identified by the asso-
ciated optical transient, we compare the energetics of
GRB 170817A to those of other SGRBs at known red-
shifts. Finding GRB 170817A to be subluminous, we
discuss whether this dimness is an expected observa-
tional bias for joint GW-GRB detections, what insight
it provides regarding the geometry of the gamma-ray
emitting region, what we can learn about the population
of SGRBs, update our joint detection estimates, and set
limits on gamma ray precursor and extended emission.

6.1. Isotropic Luminosity and Energetics of

GRB 170817A

Using the “standard” spectral information from
Goldstein et al. (2017) and the distance to the host

galaxy NGC 4993(42.9 ± 3.2) Mpc, we calculate the en-
ergetics of GRB 170817A using the standard formalisms
(Bloom et al. 2001; Schaefer 2007). GRBs are believed
to be relativistically beamed and their emission colli-
mated (Rhoads 1999). Isotropic energetics are upper
bounds on the true total energetics assuming the GRB
is observed within the beaming angle of the brightest
part of the jet. We estimate that the isotropic energy
release in gamma rays Eiso = (3.1 ± 0.7) ⇥ 1046 erg, and
the isotropic peak luminosity, Liso = (1.6±0.6)⇥1047 erg
s�1, in the 1 keV–10 MeV energy band. These energet-
ics are from the source interval — i.e., the selected time
range the analysis is run over — determined in the stan-
dard manner for GBM spectral catalog results, allowing
us to compare GRB 170817A to other GRBs throughout
this section. The uncertainties on the inferred isotropic
energetics values here include the uncertainty on the dis-
tance to the host galaxy. As a cross check, the isotropic
luminosity is also estimated using a Bayesian approach
proposed by Fan et al. (2017). Assuming a flat prior on
isotropic luminosity, we obtain Liso = 1.2+0.7

�0.6 ⇥ 1047 erg
s�1, which is consistent with the standard GBM ap-
proach. This Bayesian approach can be used to combine
future joint GW-GRB observations to provide a redshift-
independent estimate of the GRB luminosity function.

Figure 4. GRB 170817A is a dim outlier in the distribu-
tions of E

iso

and L
iso

, shown as a function of redshift for
all GBM-detected GRBs with measured redshifts. Redshifts
are taken from GRBOX (http://www.astro.caltech.edu/
grbox/grbox.php) and Fong et al. (2015). Short and long
duration GRBs are separated by the standard T

90

= 2 s
threshold. For GRBs with spectra best modeled by a power
law, we take this value as an upper limit, marking them
with downward pointing arrows. The power law spectra lack
a constraint on the curvature, which must exist, and there-
fore, will overestimate the total value in the extrapolated
energy range. The green curve demonstrates how the (ap-
proximate) GBM detection threshold varies as a function of
redshift. All quantities are calculated in the standard 1 keV–
10 MeV energy band.

The two apparent components of GRB 170817A are
su�ciently di↵erent that using an average spectrum to
estimate the fluence may produce an inaccurate total
luminosity. Therefore, we also estimate Eiso using the
“detailed” fits described in Goldstein et al. (2017). Sepa-
rating the hard peak best fit by a Comptonized function
(a power law with an exponential cuto↵) and the softer
tail best fit by a BB spectrum, we estimate Eiso,comp =
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Follow-up of GW170817 from Earth and Space
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DECam team set-up for this event

Chandra detects off-axis 
X-ray afterglow emission. 

Gemini provides 
spectroscopic 
confirmation. 

VLA detects off-axis 
radio afterglow 

emission. 

DECam identifies 
candidate counterparts. 

(PI: Berger)

Advanced LIGO-VIRGO 
network detects a 
source (30deg2)

Arcsec  
Localization

+ 70 other 
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Discovery of visible light from the GW 
source GW170817

What had caused Ryan C. to curse?

Soares-Santos… Fong, Margutti et al. 2017
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Discovery of visible light from the GW 
source GW170817

What had caused Ryan C. to curse?

Soares-Santos… Fong, Margutti et al. 2017
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Las Cumbres 

(Coulter et al., Soares-Santos et al., Valenti et al.,
Tanvir et al., Lipunov et al., Arcavi et al. 2017)

c.f. LIGO Scientific & Virgo Collaboration et al. 2017;
ApJL, 848, L12
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The Kilonova Red+Blue emission

Near-infrared observations, together 
with information from visible light, the 
observations require two components!

i) Blue, fast: Mej = 0.01 Msol 
          vej = 0.3c 

ii) Red, slow: Mej = 0.04 Msol 
            vej = 0.1c 

(Cowperthwaite et al. 2017; Nicholl et al. 2017, Smartt et al. 
2017, Kasliwal et al. 2017 AND MORE)
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“Time after Merger”

Cowperthwaite, .. Margutti et al. 2017

The first two weeks

…faded away after ~2 weeks



Amazing Agreement!

Chornock et al. 2017



credit: Jennifer Johnson / SDSS / CC BY 2.0 (modified)

Neutron star mergers as an
origin of heavy elements?



Evidence for r-process

1. That there was anything at all to see in the 
optical/NIR! 

2. SED peaks near ~1 micron are a 
consequence of lanthanide opacity



credit: Jennifer Johnson / SDSS / CC BY 2.0 (modified)

Did we see GOLD? No!!!



This matters for the opacity  
—> NIR

• Atoms/ions with open f-
shells have many more 
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compared to iron-peak 
elements

Kasen et al. 2013

Tanaka et al. 2017
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Ingredient #2: Expansion= 
everything is blended

• The effects of weak 
lines are greatly 
enhanced in 
material with strong 
velocity gradients

κes

Barnes et al. 2013



Kasen, Badnell, & Barnes 2013

Ni opacity

r-process opacity

r-process —> NIR
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Comprehensive kilonova photometry

Thermal Emission
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The broad-band Radio-to-Xray spectrum
NON-THERMAL EMISSION
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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).

Margutti et al. 2018

X-raysRadio
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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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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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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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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).
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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.
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FIG. 5.— Comparison of models that fit current observations of GW170817 at radio frequencies (6 GHz). Red and orange lines: quasi-spherical stratified ejecta
models from Mooley et al. (2017) and cocoon model from Gottlieb et al. (2017) where no ultra-relativistic jetted component survived the interaction with the
BNS ejecta (i.e. no observer in the Universe observed a regular SGRB associated with GW170817). Blue lines: structured jet models from Lazzati et al. (2017c)
(dark blue-line, their best-fitting model) and this work (light-blue lines) where an off-axis ultra-relativistic collimated component is present and contributes to the
emission at some point (i.e. GW170817 is consistent with being an ordinary SGRB viewed off-axis). The parameters of our models are the same as in Fig. 4. At
t  100 days all the models displayed predict an extremely similar flux evolution (and spectrum), with no hope for current data to distinguish between the two
scenarios. All off-axis jet models have a similar ✓obs ⇠ 20� and the different late-time evolution is a consequence of the different jet-environment parameters.

FIG. 6.— Comparison of successful models at 1 keV. Same color coding as Fig. 5. For the spherical models by Mooley et al. (2017) and Gottlieb et al. (2017)
we adopt the best fitting spectral index � = 0.61 from Mooley et al. (2017) to convert their best fitting radio models into X-rays. These models underpredict the
observed X-ray flux. This is a clear indication of a flatter spectral index as we find in Sec. 2.3. Using �XR ⇠ 0.58 would bring the models to consistency with the
observations. Thick gray line: expected flux from fall-back accretion onto the remnant black hole Fobs

fb = Ffbe-⌧X for the fiducial parameters of Sec. 3.4.
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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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