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Abstract

The short GRB 170817A, detected by the Fermi Gamma-ray Burst Monitor, orbiting satellites and ground-based
telescopes, was the electromagnetic counterpart of a gravitational-wave transient (GW170817) from a binary
neutron star merger. After this merger, the γ-ray light curve exhibited a faint peak at ∼1.7 s and the X-ray, optical,
and radio light curves displayed extended emission that increased in brightness up to ∼160 days. In this paper, we
show that the X-ray, optical and radio fluxes are consistent with the synchrotron forward-shock model viewed off-
axis when the matter in the outflow is parameterized through a power-law velocity distribution. We discuss the
origin of the γ-ray peak in terms of internal and external shocks. We show that the γ-ray flux might be consistent
with a synchrotron self-Compton reverse-shock model observed at high latitudes. Comparing the best-fit values
obtained after describing the γ-ray, X-ray, optical, and radio fluxes with our model, we find that the afterglow and
γ-ray emission occurred in different regions and also find evidence to propose that the progenitor environment was
entrained with magnetic fields; therefore we argue for the presence of magnetic field amplification in the binary
neutron star merger.

Key words: acceleration of particles – gamma-ray burst: individual (GRB 170817A) – ISM: general – magnetic
fields – radiation mechanisms: non-thermal

1. Introduction

One of the most fascinating extragalactic events is gamma-
ray bursts (GRBs). They are known to exhibit a vast variety of
spectral and temporal properties. Based on the standard GRB
durations and spectral hardness two kinds of progenitor
populations have been amply accepted, short (T90< 2 s) and
long (T90> 2 s) GRBs (for a review, see Zhang & Mészáros
2004; Kumar & Zhang 2015). Although discoveries and
subsequent studies of long GRBs (lGRBs) have been marked
by many successes, the study of short GRBs (sGRBs) has
proven to be much more challenging. Significant advances in
sGRBs were achieved with the discovery of the first host
galaxies and the observations of multiwavelength afterglows
(for reviews, see Nakar 2007; Berger 2014). Several lines of
evidence have associated the sGRB progenitors with the
merger of compact object binaries comprised of a neutron star
binary (NS–NS) or a neutron star-black hole (NS-BH; Eichler
et al. 1989; Narayan et al. 1992; Lee et al. 2004, 2005; Lee &
Ramirez-Ruiz 2007; Nakar 2007). These progenitors are
promising candidates to release gravitational waves (GWs)
accompanied by an isotropic optical/infrared counterpart, the
so-called kilonova or macronova (Li & Paczyński 1998;
Rosswog 2005; Metzger et al. 2010; Kasen et al. 2013;
Metzger 2017). Because of neutron-rich ejecta from these
progenitors, a kilonova/macronova is produced via radioactive
decay of unstable heavy nuclei created in the rapid neutron
capture (r-process) nucleosynthesis (Lattimer & Schramm
1974, 1976). In addition, a cocoon emission and a delayed

non-thermal radiation in radio wavelengths, originated from the
interaction of the merger ejecta with the circumburst medium,
are expected from these events (Nakar & Piran 2011; Piran
et al. 2013; Hotokezaka & Piran 2015; Lazzati et al.
2017a, 2017b). On the other hand, using two non-spinning
magnetized NSs initially separated by 48 km with 1.4 solar
masses, Price & Rosswog (2006) presented through simula-
tions the magnetic field evolution in a binary NS merger. The
main result is that the corresponding magnetic field, of
1012~ G, present in an NS can be dramatically amplified by

several orders of magnitude after the merger. The magnetic
field strength that can be reached during the first milliseconds
through Kevin–Helmholtz instabilities and turbulent amplification
is much higher than ∼1015G (Price & Rosswog 2006; Zrake &
MacFadyen 2013; Giacomazzo et al. 2009; Obergaulinger et al.
2010). Therefore, a degree of magnetization in the ejecta could be
expected in the binary NS merger.
During the last decade, the observation of optical and

gamma-ray polarization (e.g., see Mundell et al. 2007, 2013;
Steele et al. 2009; Troja et al. 2017a) and models of γ-ray,
X-ray, and optical bright peaks, which suggests a stronger
magnetic field in the reverse-shock region than in the forward-
shock region (Kobayashi 2000; Kobayashi & Zhang 2003;
Zhang et al. 2003; Kobayashi et al. 2007; Fraija et al. 2012,
2016b, 2017a; Fraija 2015; Fraija & Veres 2018), have
provided overwhelming evidence that some lGRB progenitors
are endowed with intense magnetic fields (see, e.g., Usov 1992,
and references therein). In the context of sGRBs, Fraija
et al. (2016b) proposed that the bright peak exhibited at the
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prompt/early-afterglow phase could be correlated with the
degree of magnetization present in the jet. In particular, the
bright peak presented in the Large Area Telescope (LAT) light
curve and interpreted in the reverse-shock context provides
compelling evidence that the central engine in GRB 090510
was magnetized, as the magnetic field amplification in the
binary NS merger is the most promising candidate.

On the other hand, the transition between the prompt
emission and the afterglow is one of the most interesting and
least understood phases. The prompt-decay phase is attributed
to emission from regions located at high latitudes, i.e., from
regions located at viewing angles ( obsq ) larger by at least a

factor j
1q ~
G
with respect to the line of sight (the curvature

effect or high-latitude emission). When this effect is present,
after the gamma-ray emission from the observer’s line of sight
has ceased, the off-axis flux at jobsq q> is dramatically
suppressed unless the burst is very luminous or viewed from
near its edge. Because of the curvature effect, the onset of the
afterglow could overlap with the high-latitude emission.
Radiation generated at the reverse shock would decay fast
due to the angular time delay effect (Kumar & Panaitescu
2000). Once the quickly decaying high-latitude emission is
small enough, the afterglow emission can be observed (Rees
1999; Dermer et al. 2000; Granot et al. 2002).

GRB 170817A, the electromagnetic counterpart of the
gravitational-wave transient associated with an NS–NS coales-
cence (GW170817; Abbott et al. 2017a, 2017b), was detected by
the Gamma-ray Burst Monitor (GBM) on board the Fermi
Gamma-ray Space Telescope at 12:41:06 UTC, 2017 August 17
(Goldstein et al. 2017). Promptly, this burst was monitored in
several electromagnetic bands by multiple ground-based tele-
scopes and satellites (see, e.g., Abbott et al. 2017b, and references
therein). By considering the low luminosity observed in GRB
170817A the γ-ray flux has been associated with different
emission mechanisms (Bromberg et al. 2017; Gottlieb et al. 2017;
Kathirgamaraju et al. 2017, 2018; Kisaka et al. 2017; Fraija et al.
2018) and the X-ray, optical, and radio afterglow with synchrotron
forward-shock models when the relativistic jet viewed off-axis
and/or cocoon are decelerated in a homogeneous low-density
medium 10 10 cm5 2 3~ - - -– (Alexander et al. 2017; Granot et al.
2017; Guidorzi et al. 2017; Ioka & Nakamura 2017; Kasliwal
et al. 2017; Lazzati et al. 2017c; Margutti et al. 2017a; Mooley
et al. 2017; Murguia-Berthier et al. 2017; Piro & Kollmeier 2017;
Wang & Huang 2018).

In this paper, we present a comprehensive analysis and
description of the short GRB 170817A, in the context of an off-
axis jet, when the matter in the outflow is parameterized
through a power-law velocity distribution. The paper is
arranged as follows. In Section 2, a brief description of
multiwavelength observations and GBM data reduction are
presented. In Section 3, we model the non-thermal multi-
wavelength observations in GRB 170817A and discuss the
implications on the ejecta magnetization and conclusions are
given in Section 4.

2. GRB 170817A

2.1. Multiwavelength Upper Limits and Observations

GRB 170817A was detected by the GBM-Fermi Telescope
at 12:41:06 UTC, 2017 August 17 (Goldstein et al. 2017; von
Kienlin et al. 2017). This detection was consistent with a
gravitational-wave transient observed by LIGO and Virgo

observatories. This observational transient was associated with
an NS–NS coalescence with a merger time 12:41:04
UTC∼2 s before the GBM trigger (Abbott et al.
2017a, 2017b). Immediately afterward, an exhaustive multi-
wavelength campaign was launched in order to look for an
isotropic electromagnetic counterpart in the optical and infrared
bands (see, e.g., Coulter et al. 2017, and references therein). A
bright transient in the optical i-band with magnitude
m 17.057 0.0018i =  was observed by the 1 m Swope
telescope at Las Campanas Observatory in Chile at 10.87 hr
(August 17 at 23:33 UTC) after the GMB trigger and afterward
during the following 12 hr by multiple ground-based and
orbiting optical/IR telescopes. In addition, linear polarization
in optical bands was reported, revealing the geometry of the
emitting region. This transient was located coming from the
center of the galaxy NGC 4993 at a distance of 40Mpc.
Distinct X-ray observations were carried out by several

orbiting satellites for the following eight days without any
detection but providing constraining limits (i.e., see Margutti
et al. 2017a). From the 9th up to 256th day after the merger,
X-ray detections were reported by the Chandra and XMM-
Newton observatories (Troja et al. 2017b; Alexander et al.
2018; D’Avanzo et al. 2018; Margutti et al. 2018). Optical
observations and upper limits collected with the Advanced
Camera for Surveys Wide Field Camera on board the Hubble
Satellite Telescope (HST), were performed ∼100 days after the
trigger (Alexander et al. 2018; Lyman et al. 2018; Margutti
et al. 2018). On the 16th day after the post-trigger and for more
than seven months, the radio counterpart at 3 and 6 GHz was
obtained by Very Large Array (VLA; Abbott et al. 2017b;
Hallinan et al. 2017; Mooley et al. 2017; Dobie et al. 2018).

2.2. GBM Data Reduction

Event data files were obtained using the GBM trigger time
for GRB 170817A 04:47:43 UT on 2017 August 17
(Ackermann et al. 2013; von Kienlin et al. 2017). Fermi-
GBM data in the energy range of 10–1000 keV were reduced
using the public database at the Fermi website8 and the position
of this burst is found to be at the coordinates (J2000)
R.A. = 176°.8, decl. = −39°.8, with an error circle of radius
11°.6. No other sources in the LAT catalog or background
emission are considered due to the duration of the event.
Flux values are derived using the spectral analysis package

RMfit, version 432.9 To analyze the signal we use the time-
tagged event files of the three triggered Na I detectors n1, n2,
and n5. Different spectral models are used to fit the spectrum
over different duration periods. Each time bin is chosen by
adopting a trade-off between the minimum signal needed to
derive a spectrum and the minimum resolution required to
preserve the shape of the time evolution. The Comptonized (a
power law with exponential cutoff, hereafter referred as CPL)

and the simple power-law (PL) functions are used to fit the
spectrum up to 0.448 s around the GBM trigger time. The
spectral analysis during the time interval [−0.320 s, 0.448 s]
after the trigger is reported in Table 1. This table shows the
time interval (column one), spectral model (column 2), spectral
index (column three), energy peak (column four), temperature
of the blackbody (BB) function, and the C-Stat/dof test (last

8
http://fermi.gsfc.nasa.gov/ssc/data

9
https://fermi.gsfc.nasa.gov/ssc/data/analysis/rmfit/
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column). After the 0.512 s the spectrum fits better using a BB
model.

3. Description of the Non-thermal Multiwavelength
Observations in GRB 170817A

3.1. Modeling the γ-Ray Flux

3.1.1. Light Curve Analysis and Description

Figure 1 shows the GBM light curve and upper limits in the
energy range of 10–1000 keV, although no significant flux was
observed above 300 keV. The CPL function showed a cutoff
energy of 185 keV and the corresponding isotropic energy
obtained was E 5 10,iso

46´g  erg, with T90=2 s (von
Kienlin et al. 2017). The GBM light curve exhibited a peak
around ∼1.7 s after the gravitational-wave trigger, followed by a
fast decay. The chi-squared (χ2

) minimization method, devel-
oped in the ROOT software package (Brun & Rademakers
1997), was used in order to fit the GBM light curve with the

function: F t e
t t

t
t t

0

0

0µn
a- -

-g t
-( )( ) (Vestrand et al. 2006), where

t0 is the starting time, τ is the timescale of the flux rise, and αγ

the power index of fast decay. The best-fit values of parameters
are reported in Table 2.

We derive the spectral parameters of GBM data for different
time intervals, as shown in Table 1. Two different time
intervals, starting from −0.320 s, were used to fit with a CPL
function. The best-fit value of the spectral index for the interval
[−0.320 s, 0.256 s] was −0.955±0.309. The remaining time
interval was divided in two and analyzed with a PL function.
For the interval [0.256 s, 0320 s] a spectral index of −1.749±
0.434 was obtained and for interval [0.320 s, 0.448 s] the
corresponding spectral index was −2.150±0.472. The
spectral fit parameters associated with the γ-ray peak reveal a
hard-to-soft spectral evolution.
Veres et al. (2018) analyzed, in the GBM data, the evolution

of the peak energy with a CPL model. Using a simple PL
E t t q
peak shiftµ - -( ) to model the decay phase, they obtained the

best-fit value of q=0.97±0.35 for t 0.15 0.04 sshift = -  .
Based on the best-fit values obtained from the analysis of the

GBM data and reported in Tables 1 and 2, we discuss the origin
of the γ-ray light curve in terms of internal and external shocks.
1. The γ-ray peak δtvar/T90;1 does not show strong

variability that disfavors the internal shock model. The
principal motivation for evoking internal shocks is related to
the observation of variable γ-ray light curves. In the framework
of internal collisions, more than one γ-ray peak is expected,
with a variability timescale much shorter than the duration of
the main activity t t 1vard  (Rees & Meszaros 1994;
Kobayashi et al. 1997; Burrows et al. 2005). The properties
of several light curves exhibiting one single peak without
variability have been explained in the framework of forward/
reverse shocks and high-latitude emission (i.e., GRB970508,
GRB021211, GRB050406 and others; Kumar & Panaitescu
2003; McMahon et al. 2004, 2006; Nakar & Piran 2004;
Kobayashi et al. 2007; Peng et al. 2009; Lu et al. 2010). In the
case of the short-lived reverse shock, it can generate a γ-ray,
X-ray, or optical peak with t t 1vard  depending on micro-
physical parameters and the circumburst density (Kobayashi
et al. 2007; Fraija et al. 2016a). Therefore, the emission

Table 1

Spectral Analysis with GBM Data

Time Interval (s)a Modelb β Epk (keV) kT (keV) C-Stat/dof

[0.320, 0.320] CPL −1.016±0.293 338.3±229 L 406.64/361

[0.320, 0.256] CPL −0.955±0.309 331.6±212 L 414.34/361

[0.256, 0.320] PL −1.749±0.434 L L 296.47/362

[0.320, 0.448] PL −2.150±0.472 L L 341.51/362

[0.512, 1024] BB L L 13.84±4.67 446.40/362

[1.024, 1.536] BB L L 11.78±2.41 399.07/362

[1.536, 2.048] BB L L 9.480±1.61 416.05/362

Notes.
a
The time interval is given to the GBM trigger.

b
CPL=Comptonized function. PL=Simple power-law function. BB=Blackbody function.

Figure 1. GBM light curve and upper limits in the energy range of
10–1000 keV of GRB 170817A. The red line corresponds to the best-fit curve

using a function F t e
t t

t
t t0

0
0µ

a- - - t
-( )( ) (Vestrand et al. 2006).

Table 2

Fitted Values of the γ-Ray Data

γ-ray Flux

Decay slope αγ 2.85±0.35 (4.27/4)

Starting time (s) t0 2.0±0.1 (4.27/4)

Flux rise timescale (s) τ 0.4±0.1 (4.27/4)

Note. The chi-squared minimizations (χ2/n.d.f.) are reported in parentheses.
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generated by the reverse shock could in principle describe
naturally the variability timescale of the γ-ray light curve.

2. The value of temporal index αγ=2.85±0.35 observed
during the peak decay phase is consistent with the high-latitude
afterglow emission. The most adopted interpretation to account
for the peak decay phase in the optical, X-ray, and γ-ray bands,
is attributed to delayed photons arriving from high latitudes
(curvature effect). Kumar & Panaitescu (2000) showed that the
evolution of the observed flux, when it is originated at high
latitudes, is F tobs

2µ b- . The values of the spectral index, β,

correspond to the low
1

2
- p1

2

-( ) and high-energy
p

2
- p

2
-( )

photon indexes of the synchrotron self-Compton (SSC)/
synchrotron spectrum in the fast (slow) cooling regime. Taking
into consideration the typical values of the spectral power index
for external shocks, p2.2 2.6  (e.g., see; Kumar &
Zhang 2015), the high-latitude afterglow flux is expected to
evolve as F tµn

a- with 2.5 3.2 a , which is in accor-
dance with the value obtained of peak decay index

2.85 0.35a = g . Similar results have been found in a large
determined group of GRBs when the peak has been modeled
through SSC/synchrotron reverse-shock emission at high
latitudes (i.e., see Kobayashi & Zhang 2003; Zhang et al.
2003, 2006; Zhang & Kobayashi 2005; O’Brien et al. 2006;
Kobayashi et al. 2007; Fraija et al. 2016b, 2017a, 2017b). On
the other hand, based on observations, the typical values of
decay index phase associated with internal shocks are
5 7 a (Fan & Wei 2005; Mészáros 2006; Zhang et al.
2006; Kumar & Zhang 2015), which decays faster than that
observed in this burst.

3. The evolution of peak energy at hundreds of keVs during
the decay phase q=0.97±0.35 (Veres et al. 2018) is
consistent with the SSC energy break of the reverse shock from
high latitudes. Several authors have studied the spectral
evolution of distinct pulses during γ-ray prompt emission. By
analyzing the peak decay phase during the prompt emission,
some bursts have provided evidence of the synchrotron
emission in the fast-cooling and slow-cooling regime from
external shocks (Giblin et al. 1999; Zhang et al. 2003;
Panaitescu 2007; Fraija et al. 2017a, 2017b).

When SSC/synchrotron spectral breaks are observed coming
from high latitudes/off-axis ( i,off for syn or SSC), Ioka &
Nakamura (2017) proposed that these spectral breaks must be
rescaled as i i,off 2 ,on µ G- with Γ the bulk Lorentz factor and
syn,on the energy break viewed in an on-axis outflow.
Following Kobayashi (2000), Fraija et al. (2016b), and Sari
et al. (1998), we re-scale the quantities associated with the
internal and external shocks.

(i) Internal shocks. Given the bulk Lorentz factor in the
coasting phase t0G µ and the magnetic field in the freezing
regime B t0µ , the synchrotron emission evolves as

B B t t
epk

syn,off 2 2 3 3 2 2 gµ G G µ G µ- - - - -( ) (Derishev 2007).

We consider a “typical” electron Lorentz factor as one that has

the average of the electron distribution e

U

m N

e

e e

gá ñ =
(Piran 1999). These quantities can be calculated using two
different ways. 1: the energy density given to accelerate
electrons isU U N me e e p psh  g= = and the electron number
density can be estimated as N Ne p (Piran 1999). In this case,

the average electron Lorentz factor becomes e

m

m e sh
p

e

g gá ñ = .

2: the energy density given to accelerate electrons is

Ue
m A

p e
p

2 ,mi
2e e g=

-
- +

( )
and the electron number density can be

estimated as Ne
m A

p e
p

1 ,mi
1e e g=

-
- +

( )
for p 2> and e e,mi ,mag g .

Therefore, in this case e

p

p e

1

2 ,mig gá ñ = -
-

. Here, mig and mag are

the minimum and maximum electron Lorentz factors, respec-
tively, and shg is the relative Lorentz factor across the internal
shock (Piran 1999). Considering both cases and the magnetic

field given by B L tB jsh
1 2 3 1 2 1g G n

- - , the electrons
accelerated and cooled down in internal shocks via synchrotron
radiation reach a peak energy at (e.g., see Fraija et al. 2017a)

z
t L

0.4 MeV

0.6 MeV

1.01

1
. 1

e

B j

pk
syn,on , 0.3

2
sh
2

mi,3
2

sh , 1
1 2

var,0
1

3
2

,49
1 2


e g

g

g e d´
+

G

-

-
- -


⎪

⎪

⎧
⎨
⎩

⎛

⎝
⎜

⎞

⎠
⎟ ( )

The microphysical parameters ee and Be are the fractions of
energy given to accelerate electrons and generate/amplify the
magnetic field, respectively, and Lj is the jet luminosity.
Hereafter, the convention Q Q 10xx = in c.g.s. units is
adopted. Including pair formation, an upper limit for the peak
energy can be estimated as Guetta et al. (2001)

z
L t3.3 MeV

1

1.01
. 2j B epk

syn,on
1

,49
1 5

3 ,0 , 1 , 0.3

4
3

1
6

1
2

4
3  e e

+
G n

-
-

- -⎜ ⎟
⎛

⎝

⎞

⎠
( )

The peak energy observed from high latitudes/off-axis jet

has to be rescaled by bpk
off 1

pk
syn,on - with b 1 2 2q= + G D

and jobsq q qD = - . In this case, the observed energy

10 eVpk
syn,off

3
2

15
2 qG D-


- indicates that it can hardly reach
values as high as hundreds of keVs. Therefore, the standard
internal shocks cannot straightforwardly explain the evolution
with the time of peak energy at hundreds of keVs.

(ii) Forward shock: given the evolution of the magnetic field
B t 3 8µ - , the bulk Lorentz factor t 3 8G µ - , the minimum
and cooling electron Lorentz factors tm f,

3 8g µ - and c f,g µ
t1 8 (Sari et al. 1998), respectively, the synchrotron spectral

breaks evolve as B tm f f,
syn,off 3

em,
3 4 gµ G µ- - and c f,

syn,off µ
B t t5 3 2 1 4G µ- - - . The SSC spectral breaks evolve as

tm f m r m f,
ssc,off

,
2

,
syn,off 3 2 gµ µ - and tc f c f c f,

ssc,off
,
2

,
syn,off 1 2 gµ µ .

The subindex “ f ” indicates the forward shock.

The synchrotron spectral break tm f,
syn,off 3 4 µ - is the only

spectral break that agrees with the peak energy evolution. The
synchrotron spectral break is given by

z
E

t

0.3 keV
1

1.01

,

m f e B f,
syn,off

, 0.3
2

, , 1 51 2.5
2

10
2

0

1
2 1

2
1
2

3
2

 e e q
+

G D

´

- -
-


-

-

 ⎜ ⎟
⎛

⎝

⎞

⎠

where E E ,iso h= g is the isotropic equivalent kinetic energy

with η the kinetic efficiency. It shows that although synchrotron

spectral break ( m f,
syn,off ) agrees with the peak energy evolution, it

cannot reach the values of energies at hundreds of keVs.
(iii) Reverse shock in the thick- (thin-) shell case: given the

evolution of the magnetic field B t t1 4 0µ - ( ), the bulk Lorentz
factor t t1 4 0G µ - ( ), the minimum and cooling electron Lorentz
factors t tm r,

1 4 3g µ ( ) and t tc r,
1 4 1g µ - -( ) (Kobayashi 2000),

respectively, before the crossing time, the synchrotron spectral
breaks evolve as t tm r,

syn,off 1 2 6 µ ( ) and t tc r,
syn,off 1 2 2 µ - -( ).

The SSC spectral breaks evolve as t tm r,
ssc,off 12 µ ( ) and

t tc r,
ssc,off 1 4 µ - -( ). Taking into account that the quantities after

the crossing time vary as B t t13 24 4 7µ - -( ), t t7 16 2 5G µ - -( ),

t tm r,
13 48 2 7g µ - -( ), and t tc r,

25 48 19 35g µ ( ), the synchrotron

4
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spectral breaks evolve as t tm r,
syn,off 0.65 0.74 µ - -( ) and m r,

syn,off µ
t t0.94 0.91( ). The SSC spectral breaks evolve as m r,

ssc,off µ
t t1.18 1.31- -( ) and t tc r,

ssc,off 1.98 1.99 µ ( ). The subindex “r” indi-
cates the reverse shock.

The SSC and synchrotron spectral breaks that agree with the
peak energy evolution are t tm r,

syn,off 0.65 0.74 µ - -( ) and

t tm r,
ssc,off 1.18 1.31 µ - -( ), respectively. The SSC and synchrotron
spectral breaks are given by Kobayashi (2000) and Fraija et al.
(2016b)

z
n
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⎠

⎛

⎝

⎞

⎠

which have to be rescaled again by 1 2 2 1q+ G D -( ) (Ioka &

Nakamura 2017). The term tcr is the shock crossing time. The

parameter n corresponds to the circumburst density. For this

analysis, the bulk Lorentz factor corresponds to that one

associated with the reverse shock. This value can be estimated

by taking into consideration the four-region structure during the

shock: (1) the unshocked ISM with density n1, (2) the shocked

ISM, (3) the shocked shell material, and (4) the unshocked

shell material with density n4 and the equations governing the

shocks with the jump conditions
n

n

1 4 3

1 4 3

4

1

3 3

34 34

g g
g g

- +

- +
 ( )( )

( )( )
and

34

1

2

4

3

3

4

g +g
g

g
g

 ( ) (Blandford & McKee 1976; Sari &

Piran 1995), with 34g being the relative Lorentz factor between

the upstream and downstream regions, r3g º G and 4g º G are

the reverse and initial Lorentz factors, respectively (Kobayashi

2000). For the relativistic case, i.e., 134g  , the bulk Lorentz

factor of the reverse shock is

n

n2
. 3r

4

1

1 4

G
G

⎛

⎝
⎜

⎞

⎠
⎟ ( )

For typical values of the initial bulk Lorentz factor

300 600 G and densities of unshocked ISM and shell

n n4 1 , the bulk Lorentz factor becomes 12.3 17.3r G .

For the case of 15rG = , SSC and synchrotron spectral breaks

have to be rescaled by 7 10 r
2

,1.2
2

15
2q» ´ G D- -


- . Therefore, the

characteristic break of SSC reverse-shock emission agrees with

the evolution of peak energy at hundreds of keVs during the

decay phase.
4. The hard-to-soft spectral-index evolution (from

−1.749± 0.434 to −2.150±0.472) seems to be consistent
with the SSC/synchrotron spectrum that originated in external
shocks. Ultra-relativistic electrons confined in a magnetic field
are cooled down by synchrotron and SSC radiation. The high
and low spectral indexes in the fast(slow)-cooling regime are

1

2
- p 1

2
- -( ) and

p

2
- p

2
-( ), respectively. Given the typical

values of the spectral power index for external shocks,
p2.2 2.6  (e.g., see; Kumar & Zhang 2015), the SSC/

synchrotron spectrum F 1n nµn
b- +( ) with 1.5 1.6  b +( )

1 2.3 2.3 ( ) agrees with the spectral-index evolution for fast
(slow)-cooling regime.

The previous analysis, performed on the temporal and
spectral features of the γ-ray light curve (see Figure 1 and
Tables 1 and 2), illustrates that: (i) the characteristic break of
SSC reverse shock agrees with the evolution of peak energy at
hundreds of keVs during the decay phase, while synchrotron
emission from internal and forward shocks cannot explain this
evolution.; (ii) the reverse-shock emission can reproduce, in a
more natural way, the observed variability timescale than
internal shock emission; and (iii) the temporal and spectral
indexes of synchrotron/SSC emission, originating from
external shocks, are consistent with the spectral-index evol-
ution and the high-latitude afterglow model. Therefore, we
argue that the SSC reverse-shock emission in the fast-cooling
regime reproduce the temporal and spectral features of the
γ-ray light curve. In the following subsection the SSC spectrum
in the fast-cooling regime is used to describe the the γ-ray flux.

3.1.2. Theoretical Model

The SSC spectral breaks and fluxes are determined by the
spectral break evolution between forward and reverse shocks
(Zhang & Kobayashi 2005; Fraija 2015; Fraija et al. 2016a).
The SSC spectrum in the fast-cooling regime is given by Ioka
& Nakamura (2017)

F F for , 4r r
c r

c r m r,
ssc,on

max,
ssc,on

,
ssc,on ,

ssc,on
,

ssc,on

1
2


  = < <n

g
g

-⎛

⎝
⎜

⎞

⎠
⎟ ( )

and once the characteristic break energy passes through the

γ-ray band  »g 100 keV at t m rcr ,
ssc,on ~ g , the SSC flux begins

evolving in the following power-law segment of the light curve

F rmax,
ssc,on m r

c r m r

p

,
ssc,on

,
ssc,on

1
2

,
ssc,on

2





- -
g( ) ( ) for c r m r,

syn,on
,

syn,on  < < g. The SSC

energy breaks and the maximum fluxes when reverse shock

evolves in the thick shell are given explicitly in Fraija et al.

(2012). These quantities viewed off-axis must be corrected by

b F b F, and . 5m c r m c r r r,
ssc,off 1

,
ssc,on

max,
ssc,off 3

max,
ssc,on = =- - ( )

To find the best-fit values that reproduce the data with our off-

axis model, we perform the Bayesian statistical method of

Markov-Chain Monte Carlo (MCMC) simulations. Our model

is fully described by a set of seven parameters, revX ={n, Ẽ ,
qD , p, rG , B r,e , ee }, with an extra parameter of σ for the

likelihood of the MCMC. We generate samples of the posterior

for our off-axis model using the No-U-Turn Sampler (NUTS)

from the PyMC3 python distribution (Salvatier et al. 2016). In

order to fit data, we run the model for fluxes with a total of

14,000 samples and 3000 tuning steps, which are to be

discarded after tuning. The priors are assigned independently,

with a mixture of different continuous probability distributions

functions and standard deviations. The parameters p, rG , and n

are given normal distributions, qD a uniform distribution and

B r,e , ee , and Ẽ are given modified normal distributions. Output

is given by means of a corner plot (Foreman-Mackey 2016) on

which the diagonal is a one-dimensional kernel plot of the

posterior probability distribution function and the off-diagonal

are the bidimensional kernel plots. Hereafter, the values of

cosmological parameters H0 = 71 km s−1Mpc−1, 0.27mW = ,

0.73W =l are adopted (Spergel et al. 2003).
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Figure 2. Corner plot comparing the results obtained from the MCMC simulation for each parameter. Fit result for GBM γ-ray data using a SSC reverse-shock model
in homogeneous density as described in Section 2.1. The labels above the 1D kernel plots indicate the median, and 0.15 and 0.85 quantiles of each parameter. The
best-fit value is shown in green.
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Figure 2 shows the corner plots obtained from the MCMC
simulation for each parameter using the SSC reverse-shock
model. The best-fit values in this figure are shown in green. The
median of the posterior distributions, alongside the symmetrical
35% quantiles, are reported in Table 3.

3.2. Modeling the Non-thermal X-Ray, Optical, and
Radio Data

3.2.1. Light Curve Analysis and Description

Several X-ray observations were carried out during the eight
days following the merger, and provide constraining limits (i.e.,
see Margutti et al. 2017a). On the ninth day, the Chandra X-ray
observatory reported a faint X-ray flux from the direction of the
binary NS merger (Troja et al. 2017b). From the 108th to 256th
days post-GW trigger, Chandra and XMM-Newton reported
detections (Margutti et al. 2017b; Haggard et al. 2018). The
Hubble Space Telescope (HST) observed optical non-thermal
fluxes with magnitudes 26.44±0.14 mag (Lyman et al. 2018)
and 26.90±0.25 mag (Margutti et al. 2018) at ∼110 and 137
days, respectively, after the merger. On 2018 March 23, HST
provides an upper limit of Jy0.070 m> (Alexander et al. 2018).
Since the sixteenth day post-trigger and for more than seven
months, VLA has reported a faint radio flux at 3 and 6 GHz
(Alexander et al. 2017; Hallinan et al. 2017; Mooley et al.
2017; Troja et al. 2017a).

In order to describe, first, the X-ray, optical, and radio light
curves during the increasing phase, we consider these light
curves up to 145±20 days and the broadband SED in three
separate periods: at 15±2, 110±5, and 145±20 days. The
X-ray and radio (6 and 3 GHz) light curves up to 145±20
days were adjusted to simple power laws F t iµn

a- (for i=X,
6 GHz and 3GHz), and the broadband SED at 15±2, 110±5
and 145±20 days were fitted with F tnµn

b- . The best-fit
values of temporal and spectral indexes obtained with the χ2

test implemented in the ROOT software package are reported
in Table 4. Given the best-fit values obtained up to 145±20
days, the multiwavelength fluxes can be described as
t0.76 0.18 0.58 0.15nµ  -  for the X-ray, optical, and radio data.
Afterglow emission is generated when the relativistic jet

encounters the homogeneous medium and sweeps up enough
circumburst material. The synchrotron forward-shock model is
the most favorable one to describe the late-time multi-
wavelength observations. Taking into account the closure
relations of the standard synchrotron forward-shock model, the
X-ray, optical, and radio (6 and 3 GHz) fluxes are evolving in

the slow-cooling regime corresponding to the power-law

segment (Sari et al. 1998):

F F for , 6f f
m r

m r c r,
syn,on

max,
syn,on

,
syn,on ,

syn
,
syn,on

p 1

2


  = < <n
g

g

- -
⎛

⎝
⎜

⎞

⎠
⎟ ( )

with p 2 1 2.2b= + » and

t t

F E t

, and

. 7

m f c f

f

,
syn,on 0 4

,
syn,on 2 4

max,
syn,on 0 0

 µ G µ G

µ G

- -

( )

Considering the evolution of the bulk Lorentz factor, t
3
8G µ - ,

the flux varies as F tf,
syn,on p3 1

4µn
- -( )

. Given the observed

temporal index reported in Table 4, the value of the electron

distribution would be p 0.07» - , which is inconsistent with

the value obtained from the broadband SED (p 2.2» ). While

the evolution of the synchrotron flux as a function of the energy

is well-described, the evolution of it with time fails. This

inconsistency is due to the evolution of the bulk Lorentz factor.
Given that the standard synchrotron afterglow model cannot

account for the X-ray, optical and radio light curves of GRB

170817A, we consider the synchrotron forward-shock model to

be off-axis when the matter in the outflow is parameterized

through a power law velocity distribution.

3.2.2. Theoretical Model

We consider that the jet concentrated within an opening

angle jq “top-hat jet” producing the afterglow emission is not

aligned with the observer’s line of sight and the ejecta has an

equivalent kinetic energy parameterized by a power-law

distribution as E sbG a-˜ ( ) where Ẽ is the fiducial energy, sa =
1.1 for 1bG  and 5.2sa = for 1bG  for the adiabatic case

(Sari & Mészáros 2000; Tan et al. 2001; Hotokezaka et al.

2013; Kyutoku et al. 2014; Barniol et al. 2015; Hotokezaka &

Piran 2015; Fraija et al. 2018). Taking into account the

relativistic regime ( 1bG  ), we propose that the corresp-

onding equivalent kinetic energy for 2 jobs q q is given by

E b E

E, 8

k
3

6

s

q
= G

D G

a

d

- -

- -

˜

˜ ( )

for 12 2qG D  with jobsq q qD = - and 6sd a= + .
Considering the adiabatic evolution of the forward shock

(Blandford & McKee 1976; Sari 1997), the fiducial energy is

given by E R n m16 17 p
6 2 3p q= D Gd+˜ (Blandford & McKee

1976; Sari 1997) with mp being the proton mass and R being

the deceleration radius. In this case, the bulk Lorentz factor

evolves as

z
n E t7.8

1

1.01
. 9

3
8

4 51 20 1 d

1
8

1
8

6
8

3
8qG =

+
D

d+
-
-


- -d d d d+ + + +⎜ ⎟

⎛

⎝

⎞

⎠
˜ ( )

Table 3

The Median and Symmetrical Quantiles (0.15, 0.5, 0.85) after Describing the
γ-Ray GBM Peak with Our Model

Parameters Median

E 10 erg51˜ ( ) 0.83 0.54
1.19

-
+

n cm 3-( ) 1.01 0.29
0.29

-
+

rG 24.94 4.84
4.93

-
+

p 2.20 0.06
0.06

-
+

qD (deg) 15.01 0.68
0.68

-
+

10e
1e -( ) 3.17 1.16

0.83
-
+

10B r,
1e -( ) 1.80 0.78

1.15
-
+
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Replacing Equations (9) and (8) in (7), the synchrotron
spectral breaks and the maximum fluxes are
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Given the new evolution of the synchrotron emission, from

Equations (13) and (6), the power-law segment of the

synchrotron spectrum in the slow-cooling regime becomes
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and F 9.8 10i,
3= ´n

-{ , 6.5 10 3´ - , 1.1 10 5´ - , 1.8 ´
10 7- } mJy for 3 GHz =g { , 6 GHz,1 eV,1 keV}, respectively.

For this case, the flux varies as F t
p p3 6 1

8

1

2nµn
-d

d
- -

+
-( )

, which for

1.1sa » and p 2.2» it evolves as found after fitting the SED

at 15±2, 110±5, and 145±20 days and reported in

Table 4. It is worth noting that for δ=0, the flux

F t,dec

p3 1

4µn
- -( )

derived in Sari et al. (1998) is recovered.
Since the radiation beaming cone broadens increasingly, it

reaches our line of sight later ( ;1qG ~ D - Rees 1999; Sari et al.
1999; Dermer et al. 2000; Granot et al. 2002, 2017). Once the
flux reaches our field of view the synchrotron spectral breaks
and the maximum flux become
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Since m f c f,
syn

,
syn   g , the flux lies in the same power-law

segment. It begins decreasing as
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2n g n
- -

a
a

-
+

-

 ( )
( )

where

A
z

n D

E

1

1.01

15

e
p

B,dec , 1
1

, 4 4 26.1
2

51

p s p s
p s sp p

s

p

s

6 7 6

2 8 1

4

5 6 2

4 6

2 3

6

e e=
+

´

n -
-

- -
-

a a
d a a

a

a

- - -
+ + + + -

+

+
+

⎜ ⎟
⎛

⎝

⎞

⎠

˜

( )

( )
( )

( )

and F 6.1 10jnu,
3= ´ -{ , 4.0 10 3´ - , 6.9 10 6´ - , 1.1 ´

10 7- } mJy for 3 GHz =g { , 6 GHz,1 eV,1 keV}, respectively.

Table 4

Fitted Values of the X-Ray, Optical, and Radio Data

Light Curve

X-ray flux

Rising slope αX 0.76±0.18 (0.45/4)

Optical flux

Rising slope αopt L

Radio flux

3 GHz

Rising slope α3GHz 0.85±0.12 (1.67/3)

6 GHz

Rising slope α6GHz 0.75±0.19 (11.16/6)

Spectral Energy Distribution

Spectral slope (16±2 days) β16d −0.59±0.11 (3.796/7)

Spectral slope (110±5 days) β110d −0.58±0.15 (19.19/20)

Spectral slope (145±20 days) β145d −0.59±0.15 (19.19/20)

Note. The chi-squared minimizations (χ2/n.d.f.) are reported in parentheses.
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It is worth noting that for 0sa = , the flux F t p
,dec µn

- derived

in Sari et al. (1999) is recovered.
Therefore, the flux to be used to model the X-ray, optical,

and radio data can be summarized as

F
F t t

F t t

, if ,

, if ,
16
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=
<
>n

n
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where
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1

0.01
, 17peak 0

1 3
51
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20

s 6

3q
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a +
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⎛

⎝
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⎠
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where the parameter k differs from one model to another, and is

introduced to correlate the times of peak flux and the jet break

through the viewing and the opening angles (Granot et al.

2002; Nakar et al. 2002).
To find these values, we again perform the Bayesian statistical

method of Markov-Chain Monte Carlo (MCMC) simulations. In
this case, our model is fully described by a set of eight
parameters, fowX ={n, Ẽ , k, qD , p, sa , B f,e , ee }, with an extra
parameter of σ for the likelihood of the MCMC. For this MCMC
run, we utilized 14,000 steps with 7000 tuning steps, which were
discarded after tuning. The parameters qD and p are given
uniform distributions, while the remaining parameters n, B f, , e ,
k, sa , and Ẽ are given normal distributions. Output is again given
by means of a corner plot (Foreman-Mackey 2016) on which the
diagonal is a one-dimensional projection of the posterior
probability distribution function and the off-diagonal plots are
the bidimensional projections.

Figures 3–5 show the corner plots for radio wavelengths (3
and 6 GHz) and X-rays, respectively, obtained from the
MCMC simulation for each parameter using our model
(Equations (16)). The best-fit values in these figures are shown
in green. The median of the posterior distributions, alongside
the symmetrical 35% quantiles, are reported in Table 5.

Figure 6 shows the light curves (left) and the spectral energy
distributions (right) of the X-ray, optical and radio bands of
GRB 170817A.

3.3. Analysis and Implications

3.3.1. The Magnetic Microphysical Parameters

Sari & Piran (1995) derived the hydrodynamic timescales of
the reverse shock for a non-magnetized GRB jet. They found
that in the absence of magnetization, the crossing time becomes

t
T

cr 2

90 . The hydrodynamic timescales of the reverse shock

powered by a magnetized outflow were investigated by Fan
et al. (2004), Zhang & Kobayashi (2005), and Mimica et al.
(2009, 2010). Authors reported that general characteristics in
the reverse shock vary according to the degree of magnetization
in the jet. For instance, when the jet was moderately
magnetized with a magnetization parameter in the range of
0.1 1 s , then the magnetic microphysical parameter
would vary between 0.1 0.2B r, e and the width of the
peak generated by the reverse shock became narrower and

more prominent, between t
T T

2 cr 5

90 90  . This result agrees

with the value of the magnetic microphysical parameter found
after describing the GBM data and the duration of the bright
peak (∼0.4 s) observed in the GBM light curve. If the
relativistic jet had high magnetization (σ?1) when it crossed
the reverse shock, relativistic particles would be poorly
accelerated and the emission drastically decreased (Zhang &
Kobayashi 2005; Sironi & Spitkovsky 2011). Therefore, a
moderate magnetization ( 1s ) is required in order to interpret
the GBM bright peak in the reverse-shock framework (Kumar
& Panaitescu 2003; Zhang et al. 2003; Fan et al. 2004).
The values of the magnetic microphysical parameters (see

Tables 3 and 5) indicate that the magnetic field ratio in the
forward-shock and reverse-shock region is ∼40. Similarly, the
values found also illustrate that synchrotron flux is 2.5 103~ ´
times stronger in the reverse than the forward shock, so there
are many more photons available to be scattered via inverse
Compton in the reverse shock. This suggests that the outflow
carried a significant magnetic field, as reported in sGRB
090510 (Fraija et al. 2016b).
Taking into consideration the typical initial value of the

fireball radius (r 10 cm;i
6.5~ Lee et al. 2004, 2005; Nakar

2007), the kinetic equivalent energy and the magnetic
microphysical parameter (see Table 3), the magnetic field
at the base of the jet is roughly estimated as B »

E r8 10 GB i i, ,iso
3 15e »g . The strength of the magnetic field

is 3-4 orders of magnitude higher than the usual strength in a
NS 10 G12~ . Here, B i B r, ,e e» is the initial fraction of total
energy given to magnetic field. It shows that GRB 170817A
demands more magnetic fields at the base of the jet, thus
indicating that the progenitor is entrained with strong magnetic
fields.
Just et al. (2016) laid out relativistic and axisymmetric

hydrodynamic simulations of a black hole-torus system as
remnants of a binary NS merger. They showed that thermal
energy via annihilation of neutrinos and antineutrinos abun-
dantly emitted by the hot accretion disk is not long and strong
enough for the outflows to break out from the neutrino wind,
thus concluding that the neutrino annihilation alone could not
power sGRBs from binary NS mergers. Therefore, the energy
requirements favor magnetic fields as the responsible mech-
anism so that the outflow breaks out. Some authors have
presented simulations based on general relativistic magnetohy-
drodynamics to follow the evolution of the magnetic fields in
the binary NS merger (Price & Rosswog 2006; Zrake &
MacFadyen 2013; Ciolfi et al. 2017). All models proposed
show an amplification of magnetic field of up to three orders of
magnitude or more. The rapid growth of this field is attributed
to the Kevin–Helmholtz instabilities and turbulent and/or
differential rotation. Therefore, the most natural process
associated with the magnetization of outflow is the magnetic
field amplification during the binary NS merger, which is
entrained by outflow.

Table 5

The Median and Symmetrical Quantiles (0.15, 0.5, 0.85), Truncated at the
Second Decimal, after Describing the X-Rays and Radio Wavelengths at 3 and

6 GHz with Our Model

Parameters Median

Radio (3 GHz) Radio (6 GHz) X-ray (1 keV)

E 10 erg51˜ ( ) 0.700 0.010
0.010

-
+ 0.700 0.010

0.010
-
+ 0.701 0.010

0.010
-
+

n 10 cm4 3- -( ) 1.010 0.010
0.010

-
+ 1.020 0.010

0.010
-
+ 1.008 0.010

0.010
-
+

p 2.210 0.010
0.010

-
+ 2.210 0.010

0.010
-
+ 2.230 0.010

0.010
-
+

qD (deg) 15.001 0.136
0.133

-
+ 15.001 0.137

0.137
-
+ 15.001 0.136

0.133
-
+

10e
1e -( ) 2.500 0.010

0.010
-
+ 2.500 0.010

0.010
-
+ 2.498 0.010

0.010
-
+

10B f,
4e -( ) 1.010 0.010

0.010
-
+ 1.100 0.010

0.010
-
+ 0.997 0.010

0.010
-
+

k 3.000 0.010
0.010

-
+ 3.000 0.010

0.010
-
+ 2.998 0.010

0.010
-
+

sa 1.105 0.010
0.010

-
+ 1.095 0.010

0.010
-
+ 1.115 0.007

0.004
-
+
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Figure 3. Same as Figure 2, but using a synchrotron forward-shock model to fit the radio (3 GHz) data when the jet producing the afterglow emission is not aligned
with the observer’s line of sight and the matter in the outflow is parameterized through a power-law velocity distribution (model described in Section 2.2).
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Figure 4. Same as Figure 2, but using a synchrotron forward-shock model to fit the radio (6 GHz) data when the jet producing the afterglow emission is not aligned
with the observer’s line of sight and the matter in the outflow is parameterized through a power-law velocity distribution (model described in Section 2.2).
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Figure 5. Same as Figure 2, but using a synchrotron forward-shock model to fit the X-ray data when the jet producing the afterglow emission is not aligned with the
observer’s line of sight and the matter in the outflow is parameterized through a power-law velocity distribution (model described in Section 2.2).
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3.3.2. Other Parameters

1. The values of the external medium densities required to

model the γ-ray GBM data ∼1.7 s after the merger (see

Table 3) and the X-ray, optical, and radio data (see Table 5)

are quite different, indicating that the γ-ray emission and the

afterglow occurred in different regions.This suggests that the

external density distribution could be stratified, as proposed

in sGRBs (Parsons et al. 2009). Binary NS mergers are

thought to be potential candidates to eject significant masses

with distinct velocities and densities. The ejected masses

with densities larger than low ISM are ejected at sub-

relativistic velocities. In principle, the ultra-relativistic jet

coming out from the progenitor could interact with these

dense material, producing an afterglow (Tan et al. 2001;

Hotokezaka et al. 2013; Kyutoku et al. 2014; Hotokezaka &

Piran 2015; Fraija et al. 2018). Moreover, fits to the

multiwavelength afterglow have suggested that the circum-

burst medium close to the progenitor could be dense and be

formed by gaseous environments rather than the low ISM

(Panaitescu 2006; Berger 2007; Nakar 2007; Nysewander

et al. 2009; Parsons et al. 2009). The low value of the ISM

would confirm that sGRBs explode in lower-density

environments.
2. The values of the electron spectral indexes for the γ-ray

flux and the X-ray, optical, and radio fluxes are equal.

These spectral indexes correspond to the typical values

reported in external shocks p2.2 2.6  (e.g., see;

Kumar & Zhang 2015). It suggests that the GBM γ-ray

flux could have originated in external shocks. Similar

results have been found in several bursts that have

exhibited early sub-GeV γ-ray and optical peaks together

with temporarily extended multiwavelength emissions

(Kobayashi & Zhang 2007; Kobayashi et al. 2007;
Fraija 2015; Fraija et al. 2016a, 2017b).

3. Two scenarios are discussed in order to explain GRB
170817A (e.g., Murguia-Berthier et al. 2017): a low-
luminosity sGRB and a typical sGRB viewed off-axis.
Whereas low-luminosity sGRBs could be produced by a
mildly relativistic outflow (Rosswog & Ramirez-Ruiz 2002,
2003; Nagakura et al. 2014), a typical sGRB is generated by
a relativistic jet (Ramirez-Ruiz et al. 2005; Murguia-Berthier
et al. 2014). In both cases a relativistic jet is invoked;
however, in the first case the jet is choked by the wind
expelled from the hyper massive neutron star (HMNS),
thus giving rise to a low-luminosity sGRB with E ,isog 
10 1046 47– erg. Considering the values of the equivalent
energy we estimate for this event (see Tables 3 and 5), we
suggest that the most likely scenario for GRB 170817A is
that of a jet that successfully breaks out from the wind and it
is viewed off-axis. This result agrees with the recent work by
Mooley et al. (2018), where authors present Very Long
Baseline Interferometry observations that show superluminal
motion and support the successful breakout of the jet.

4. The collimation of ejecta has relevant implications in
GRBs, such as, for instance, the energy scale, the energy
extraction mechanism and the event rate. For sGRBs,
there are only a few observations of jet breaks despite
serious search efforts. Based on the breaks detected in the
afterglow emission, Berger (2014) showed a distribution
of jet opening angles for sGRBs with a mean around

5jq ~ á ñ. Recently, a similar value of opening angle was
obtained after modeling the afterglow in GRB 170817A
(i.e., see; Granot et al. 2017; Troja et al. 2018). Taking
into account the value of 5jq = , the viewing angle for

GRB 170817A would be 20obsq = , which is in the

Figure 6. Right: SEDs of the X-ray, optical, and radio afterglow observations at 15±2 (red), 110±5 (green), and 145±20 (blue) days. Left: light curves of X-rays
at 1 keV (gold; Margutti et al. 2017a, 2017b, 2018; Troja et al. 2017a, 2017b, 2018; Haggard et al. 2018), optical (blue; Margutti et al. 2018), and radio at 3 and 6 GHz
(magenta and green; Alexander et al. 2017; Hallinan et al. 2017; Mooley et al. 2017; Troja et al. 2017a) bands. The values that describe both the SED and the light
curves are reported in Table 5.
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range reported for this burst (Granot et al. 2017; Margutti
et al. 2017a, 2018; Mooley et al. 2018; Troja et al. 2018).

5. Considering the values reported together with Equations
(8) and (9), the bulk Lorentz factor is 8.7G  and the
equivalent kinetic energy is E 3.3 10 ergk

47´ . Com-
paring with the observed isotropic energy E 5,iso ´g 
1046 erg, the corresponding efficiency becomes 15%h  ,
which lies in the typical range reported for afterglows
(e.g., see; Kumar & Zhang 2015).

4. Conclusions

We have analyzed the non-thermal (γ-ray, X-ray, optical, and
radio) observations of GRB 170817A/GW170817. The X-ray,
optical, and radio data were consistent with the synchrotron
forward-shock model when the jet is viewed off-axis and the
matter in the outflow is parameterized through a power-law
velocity distribution. The origin of the γ-ray peak was discussed
in terms of internal and external shocks. The analysis performed
favors a SSC reverse-shock model in the fast-cooling regime
observed at high latitudes. The fit of the γ-ray GBM data with
SSC model suggests that:

1. The circumburst medium close to the progenitor is much
denser than the low ISM obtained after modeling the X-ray,
optical, and radio data. One possible explanation is that the
external density distribution could be stratified as proposed
in sGRBs (Tan et al. 2001; Parsons et al. 2009; Hotokezaka
et al. 2013; Kyutoku et al. 2014; Hotokezaka & Piran 2015;
Fraija et al. 2018); the circumburst medium close to the
progenitor could be formed by gaseous environments and/
or dense ejected masses rather than a very low-density
medium of the host galaxy. This suggests that the afterglow
and γ-ray emission occurred in different regions.

2. The value of the electron spectral index illustrates that
this component could have originated at the external
shocks. Similar discussions have been previously
reported around the temporarily extended Fermi-LAT
components (Kobayashi & Zhang 2007; Kobayashi et al.
2007; Fraija 2015; Fraija et al. 2016a, 2017b).

3. The value of the magnetic microphysical parameter
obtained agrees with the temporal properties exhibited
by this burst and also indicates that the strength of the
magnetic field is 3-4 orders of magnitude higher than
usual strength in an NS 10 G12~ . By comparing the
magnetic microphysical parameters obtained for γ-ray
flux with the X-ray, optical, and radio observations is
shown that the magnetic field in the reverse-shock region
would be ∼40 times higher than the forward shock. This
suggests that the outflow carried a significant magnetic
field, as reported in sGRB 090510 (Fraija et al. 2016b).

The value of the equivalent kinetic energy agrees with
simulations performed around the necessary conditions for
sGRB production in binary NS mergers (Murguia-Berthier
et al. 2014). This suggests that the scenario in which a collapse
to a black hole occurs with the formation of a typical off-axis
sGRB is favored when the wind expelled from HMNS hampers
the forward movement of the on-axis jet.

Since GRB 170817A was the closest sGRB with measured
redshift, it was proposed as a potential target for neutrino
observation. However, the Antares, IceCube, and Auger
observatories reported a null result based on a search during

the prompt phase and afterglow (ANTARES et al. 2017; Bartos
& IceCube Collaboration 2017). As shown in previous works
(see i.e., Gao et al. 2013; Fraija et al. 2017b), the lack of
energetic neutrinos around GRB 170817A could be related to
the degree of ejecta magnetization, which hinders efficient
particle acceleration (Sironi & Spitkovsky 2011).
One of the most energetic short bursts, GRB 090510 located

at z=0.903, was detected by Fermi and Swift (De Pasquale
et al. 2010). This sGRB, seen on-axis, exhibited a short-lasting
peak at the end of the prompt phase (T 0.390 = s) and a
temporally extended component lasting hundreds of seconds. In
addition, the Ultra Violet and Optical Telescope on board Swift
started collecting optical data at 97 s after the initial trigger (Kuin
& Hoversten 2009). The optical afterglow emission was
described by a broken power law with the following best-fit
parameters: an early decay slope of 0.50 0.13

0.11- -
+ , a break time of

1.58 10 s0.37
0.46 3´-

+ , a late decay slope of 1.13 0.13
0.11

-
+ , and a density

flux of 10 erg cm s13 2 1~ - - - one day after the trigger. Fraija et al.
(2016b) used an early-afterglow model to interpret the multi-
wavelength light curve observations. In particular, SSC emission
from the reverse shock was consistent with the bright LAT peak,
provided that the progenitor was endowed with strong magnetic
fields, thus associating this progenitor with a binary NS merger.
The optical light curve was described by synchrotron forward-
shock emission in the slow-cooling regime before and after the
break time. A similar analysis for off-axis emission was done in
this paper for GRB 170817A. The bright γ-ray peak was
consistent with SSC radiation in the fast-cooling regime and the
multiwavelength afterglow with synchrotron emission in the
slow-cooling regime at different regions. Therefore, we argue
that an amplification process related to the binary NS merger in
GRB 170817A was present. This burst did not display high-
energy photons ( 100 MeV> ), probably due to the high charged
particle background in the burst region (Kocevski & Fermi-LAT
Collaboration 2017), the off-axis emission, and low isotropic
energy.
Gravitational-wave observations from a binary NS merger

associated with this GRB event (von Kienlin et al. 2017;
Goldstein et al. 2017) cast the compact merger scenario in a
new light. A similar analysis to the one presented here on future
short GRBs could shed light on the nature of the progenitors,
the evolution of the magnetic field, and the optical counterpart
by addressing the short GRB-gravitational-wave association.
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