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∼100 s (calculated starting from 24 Hz) in the detectors’
sensitive band, the inspiral signal ended at 12∶41:04.4 UTC.
In addition, a γ-ray burst was observed 1.7 s after the
coalescence time [39–45]. The combination of data from
the LIGO and Virgo detectors allowed a precise sky
position localization to an area of 28 deg2. This measure-
ment enabled an electromagnetic follow-up campaign that
identified a counterpart near the galaxy NGC 4993, con-
sistent with the localization and distance inferred from
gravitational-wave data [46–50].
From the gravitational-wave signal, the best measured

combination of the masses is the chirp mass [51]
M ¼ 1.188þ0.004

−0.002M⊙. From the union of 90% credible
intervals obtained using different waveform models (see
Sec. IV for details), the total mass of the system is between
2.73 and 3.29 M⊙. The individual masses are in the broad
range of 0.86 to 2.26 M⊙, due to correlations between their
uncertainties. This suggests a BNS as the source of the
gravitational-wave signal, as the total masses of known
BNS systems are between 2.57 and 2.88 M⊙ with compo-
nents between 1.17 and ∼1.6 M⊙ [52]. Neutron stars in
general have precisely measured masses as large as 2.01#
0.04 M⊙ [53], whereas stellar-mass black holes found in
binaries in our galaxy have masses substantially greater
than the components of GW170817 [54–56].
Gravitational-wave observations alone are able to mea-

sure the masses of the two objects and set a lower limit on
their compactness, but the results presented here do not
exclude objects more compact than neutron stars such as
quark stars, black holes, or more exotic objects [57–61].
The detection of GRB 170817A and subsequent electro-
magnetic emission demonstrates the presence of matter.
Moreover, although a neutron star–black hole system is not
ruled out, the consistency of the mass estimates with the
dynamically measured masses of known neutron stars in
binaries, and their inconsistency with the masses of known
black holes in galactic binary systems, suggests the source
was composed of two neutron stars.

II. DATA

At the time of GW170817, the Advanced LIGO detec-
tors and the Advanced Virgo detector were in observing
mode. The maximum distances at which the LIGO-
Livingston and LIGO-Hanford detectors could detect a
BNS system (SNR ¼ 8), known as the detector horizon
[32,62,63], were 218 Mpc and 107 Mpc, while for Virgo
the horizon was 58 Mpc. The GEO600 detector [64] was
also operating at the time, but its sensitivity was insufficient
to contribute to the analysis of the inspiral. The configu-
ration of the detectors at the time of GW170817 is
summarized in [29].
A time-frequency representation [65] of the data from

all three detectors around the time of the signal is shown in
Fig 1. The signal is clearly visible in the LIGO-Hanford
and LIGO-Livingston data. The signal is not visible

in the Virgo data due to the lower BNS horizon and the
direction of the source with respect to the detector’s antenna
pattern.
Figure 1 illustrates the data as they were analyzed to

determine astrophysical source properties. After data col-
lection, several independently measured terrestrial contribu-
tions to the detector noise were subtracted from the LIGO
data usingWiener filtering [66], as described in [67–70]. This
subtraction removed calibration lines and 60 Hz ac power
mains harmonics from both LIGO data streams. The sensi-
tivity of the LIGO-Hanford detector was particularly
improved by the subtraction of laser pointing noise; several
broad peaks in the 150–800 Hz region were effectively
removed, increasing the BNS horizon of that detector
by 26%.

FIG. 1. Time-frequency representations [65] of data containing
the gravitational-wave event GW170817, observed by the LIGO-
Hanford (top), LIGO-Livingston (middle), and Virgo (bottom)
detectors. Times are shown relative to August 17, 2017 12∶41:04
UTC. The amplitude scale in each detector is normalized to that
detector’s noise amplitude spectral density. In the LIGO data,
independently observable noise sources and a glitch that occurred
in the LIGO-Livingston detector have been subtracted, as
described in the text. This noise mitigation is the same as that
used for the results presented in Sec. IV.
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LIGO-Livingston, and Virgo data respectively, making it
the loudest gravitational-wave signal so far detected. Two
matched-filter binary-coalescence searches targeting
sources with total mass between 2 and 500 M⊙ in the
detector frame were used to estimate the significance of this
event [9,12,30,32,73,81–83,86,87,91–97]. The searches
analyzed 5.9 days of LIGO data between August 13,
2017 02∶00 UTC and August 21, 2017 01∶05 UTC.
Events are assigned a detection-statistic value that ranks
their probability of being a gravitational-wave signal. Each
search uses a different method to compute this statistic and
measure the search background—the rate at which detector
noise produces events with a detection-statistic value equal
to or higher than the candidate event.
GW170817 was identified as the most significant event

in the 5.9 days of data, with an estimated false alarm rate of
one in 1.1 × 106 years with one search [81,83], and a
consistent bound of less than one in 8.0 × 104 years for the
other [73,86,87]. The second most significant signal in this
analysis of 5.9 days of data is GW170814, which has a
combined SNR of 18.3 [29]. Virgo data were not used in
these significance estimates, but were used in the sky
localization of the source and inference of the source
properties.

IV. SOURCE PROPERTIES

General relativity makes detailed predictions for the
inspiral and coalescence of two compact objects, which

may be neutron stars or black holes. At early times, for low
orbital and gravitational-wave frequencies, the chirplike
time evolution of the frequency is determined primarily by
a specific combination of the component masses m1 and
m2, the chirp mass M ¼ ðm1m2Þ3=5ðm1 þm2Þ−1=5. As the
orbit shrinks and the gravitational-wave frequency grows
rapidly, the gravitational-wave phase is increasingly influ-
enced by relativistic effects related to the mass ratio
q ¼ m2=m1, where m1 ≥ m2, as well as spin-orbit and
spin-spin couplings [98].
The details of the objects’ internal structure become

important as the orbital separation approaches the size of
the bodies. For neutron stars, the tidal field of the
companion induces a mass-quadrupole moment [99,100]
and accelerates the coalescence [101]. The ratio of the
induced quadrupole moment to the external tidal field is
proportional to the tidal deformability (or polarizability)
Λ ¼ ð2=3Þk2½ðc2=GÞðR=mÞ&5, where k2 is the second Love
number and R is the stellar radius. Both R and k2 are fixed
for a given stellar massm by the equation of state (EOS) for
neutron-star matter, with k2 ≃ 0.05–0.15 for realistic neu-
tron stars [102–104]. Black holes are expected to have
k2 ¼ 0 [99,105–109], so this effect would be absent.
As the gravitational-wave frequency increases, tidal

effects in binary neutron stars increasingly affect the phase
and become significant above fGW ≃ 600 Hz, so they are
potentially observable [103,110–116]. Tidal deformabil-
ities correlate with masses and spins, and our measurements
are sensitive to the accuracy with which we describe
the point-mass, spin, and tidal dynamics [113,117–119].
The point-mass dynamics has been calculated within the
post-Newtonian framework [34,36,37], effective-one-body
formalism [10,120–125], and with a phenomenological
approach [126–131]. Results presented here are obtained
using a frequency domain post-Newtonian waveform
model [30] that includes dynamical effects from tidal
interactions [132], point-mass spin-spin interactions
[34,37,133,134], and couplings between the orbital angular
momentum and the orbit-aligned dimensionless spin com-
ponents of the stars χz [92].
The properties of gravitational-wave sources are inferred

by matching the data with predicted waveforms. We
perform a Bayesian analysis in the frequency range
30–2048 Hz that includes the effects of the 1σ calibration
uncertainties on the received signal [135,136] (< 7% in
amplitude and 3° in phase for the LIGO detectors [137] and
10% and 10° for Virgo at the time of the event). Unless
otherwise specified, bounds on the properties of
GW170817 presented in the text and in Table I are 90%
posterior probability intervals that enclose systematic
differences from currently available waveform models.
To ensure that the applied glitch mitigation procedure

previously discussed in Sec. II (see Fig. 2) did not bias the
estimated parameters, we added simulated signals with
known parameters to data that contained glitches analogous
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FIG. 3. Sky location reconstructed for GW170817 by a rapid
localization algorithm from a Hanford-Livingston (190 deg2,
light blue contours) and Hanford-Livingston-Virgo (31 deg2,
dark blue contours) analysis. A higher latency Hanford-Living-
ston-Virgo analysis improved the localization (28 deg2, green
contours). In the top-right inset panel, the reticle marks the
position of the apparent host galaxy NGC 4993. The bottom-right
panel shows the a posteriori luminosity distance distribution
from the three gravitational-wave localization analyses. The
distance of NGC 4993, assuming the redshift from the NASA/
IPAC Extragalactic Database [89] and standard cosmological
parameters [90], is shown with a vertical line.
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to the one observed at the LIGO-Livingston detector during
GW170817. After applying the glitch subtraction tech-
nique, we found that the bias in recovered parameters
relative to their known values was well within their
uncertainties. This can be understood by noting that a
small time cut out of the coherent integration of the phase
evolution has little impact on the recovered parameters. To
corroborate these results, the test was also repeated with a
window function applied, as shown in Fig. 2 [73].
The source was localized to a region of the sky 28 deg2

in area, and 380 Mpc3 in volume, near the southern end of
the constellation Hydra, by using a combination of the
timing, phase, and amplitude of the source as observed in
the three detectors [138,139]. The third detector, Virgo, was
essential in localizing the source to a single region of the
sky, as shown in Fig. 3. The small sky area triggered a
successful follow-up campaign that identified an electro-
magnetic counterpart [50].
The luminosity distance to the source is 40þ8

−14 Mpc, the
closest ever observed gravitational-wave source and, by
association, the closest short γ-ray burst with a distance
measurement [45]. The distance measurement is correlated
with the inclination angle cos θJN ¼ Ĵ · N̂, where Ĵ is the
unit vector in the direction of the total angular momentum
of the system and N̂ is that from the source towards the
observer [140]. We find that the data are consistent with an
antialigned source: cos θJN ≤ −0.54, and the viewing angle
Θ≡minðθJN; 180° − θJNÞ is Θ ≤ 56°. Since the luminos-
ity distance of this source can be determined independently
of the gravitational wave data alone, we can use the
association with NGC 4993 to break the distance degen-
eracy with cos θJN . The estimated Hubble flow velocity
near NGC 4993 of 3017% 166 km s−1 [141] provides a
redshift, which in a flat cosmology with H0 ¼ 67.90%
0.55 km s−1 Mpc−1 [90], constrains cos θJN < −0.88 and
Θ < 28°. The constraint varies with the assumptions made
about H0 [141].

From the gravitational-wave phase and the ∼3000 cycles
in the frequency range considered, we constrain the chirp
mass in the detector frame to be Mdet ¼ 1.1977þ0.0008

−0.0003M⊙
[51]. The mass parameters in the detector frame are related
to the rest-frame masses of the source by its redshift z as
mdet ¼ mð1þ zÞ [142]. Assuming the above cosmology
[90], and correcting for the motion of the Solar System
Barycenter with respect to the Cosmic Microwave
Background [143], the gravitational-wave distance meas-
urement alone implies a cosmological redshift of
0.008þ0.002

−0.003 , which is consistent with that of NGC 4993
[50,141,144,145]. Without the host galaxy, the uncertainty
in the source’s chirp mass M is dominated by the
uncertainty in its luminosity distance. Independent of the
waveform model or the choice of priors, described below,
the source-frame chirp mass is M ¼ 1.188þ0.004

−0.002M⊙.
While the chirp mass is well constrained, our estimates

of the component masses are affected by the degeneracy
between mass ratio q and the aligned spin components χ1z
and χ2z [38,146–150]. Therefore, the estimates of q and
the component masses depend on assumptions made
about the admissible values of the spins. While χ < 1
for black holes, and quark stars allow even larger spin
values, realistic NS equations of state typically imply
more stringent limits. For the set of EOS studied in [151]
χ < 0.7, although other EOS can exceed this bound. We
began by assuming jχj ≤ 0.89, a limit imposed by
available rapid waveform models, with an isotropic prior
on the spin direction. With these priors we recover q ∈
ð0.4; 1.0Þ and a constraint on the effective aligned spin of
the system [127,152] of χeff ∈ ð−0.01; 0.17Þ. The aligned
spin components are consistent with zero, with stricter
bounds than in previous BBH observations [26,28,29].
Analysis using the effective precessing phenomenological
waveforms of [128], which do not contain tidal effects,
demonstrates that spin components in the orbital plane are
not constrained.

TABLE I. Source properties for GW170817: we give ranges encompassing the 90% credible intervals for different assumptions of the
waveform model to bound systematic uncertainty. The mass values are quoted in the frame of the source, accounting for uncertainty in
the source redshift.

Low-spin priors ðjχj ≤ 0.05Þ High-spin priors ðjχj ≤ 0.89Þ
Primary mass m1 1.36–1.60 M⊙ 1.36–2.26 M⊙
Secondary mass m2 1.17–1.36 M⊙ 0.86–1.36 M⊙
Chirp mass M 1.188þ0.004

−0.002M⊙ 1.188þ0.004
−0.002M⊙

Mass ratio m2=m1 0.7–1.0 0.4–1.0
Total mass mtot 2.74þ0.04

−0.01M⊙ 2.82þ0.47
−0.09M⊙

Radiated energy Erad > 0.025M⊙c2 > 0.025M⊙c2
Luminosity distance DL 40þ8

−14 Mpc 40þ8
−14 Mpc

Viewing angle Θ ≤ 55° ≤ 56°
Using NGC 4993 location ≤ 28° ≤ 28°
Combined dimensionless tidal deformability ~Λ ≤ 800 ≤ 700
Dimensionless tidal deformability Λð1.4M⊙Þ ≤ 800 ≤ 1400
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The 90% credible intervals(Veitch et al. 2015; Abbott et al.
2017e) for the component masses (in the m m1 2. convention)
are m M1.36, 2.261 Î :( ) and m M0.86, 1.362 Î :( ) , with total
mass M2.82 0.09

0.47
-
+

:, when considering dimensionless spins with

magnitudes up to 0.89 (high-spin prior, hereafter). When the
dimensionless spin prior is restricted to 0.05- (low-spin prior,
hereafter), the measured component masses are m 1.36,1 Î (

M1.60 :) and m M1.17, 1.362 Î :( ) , and the total mass is

Figure 2. Joint, multi-messenger detection of GW170817 and GRB170817A. Top: the summed GBM lightcurve for sodium iodide (NaI) detectors 1, 2, and 5 for
GRB170817A between 10 and 50 keV, matching the 100 ms time bins of the 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 T0

GW.

3

The Astrophysical Journal Letters, 848:L13 (27pp), 2017 October 20 Abbott et al.Abbott et al. 2017 ApJL, Goldstein et al. 2017; Shevchenko et al. 2017

Kasliwal et al. 2017 Sci. 

q ~ 2 sec delay GW-EM
q ~ 2 sec duration of EM  
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NASA/ESA. HST (credits: Levan et al.)

Coulter et al. 2017 Nat; Andreoni+2017; 
Cowperthwaite+2017; Diaz+2017; Drout
+2017; Pian+2017; Kasliwal+2017; Smartt
+2017; Tanvir+2017; Valenti+2017; Covino
+2017 … …  

Kilonova

Figure 1: Multiband optical light curve of AT 2017gfo. The data shown for each filter (see

legend) are listed in Extended Data Table 1. Details of data acquisition and analysis are reported in

Methods. The x axis indicates the difference in days between the time at which the observation was

carried out T and the time of the gravitation-wave event T
0

. The error bars show the 1� confidence

level. The data have not been corrected for Galactic reddening.

33

Pian et al. 2017, Nat.
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Gamma Ray Bursts

rev: Kumar 2016; Berger 2014
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Energy 1049-53 erg 1048-54 erg
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Afterglow Fainter 
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2



Bologna – 2019/03/21                                                                                                            G. Ghirlanda 

A

D E

B C

Gamma Ray Bursts2



Bologna – 2019/03/21                                                                                                            G. Ghirlanda 

A

D E

B C

GRBs: collimation and relativistic beaming
A&A 609, A112 (2018)

Fig. 6. Cumulative distribution of �0 for GRBs with measured tp (red solid line). The distribution of lower limits �LL
0 , derived for GRBs with an

upper limit on the onset time t

UL
p , is shown by the dashed black curve (with rightward arrows). Assuming tp � Tp,� the distribution of upper limits

on �0 is shown by the dotted grey line (with leftward arrows). The most stringent limit on the distribution of �0 is shown by the green solid line
which assumes that deceleration radius Rdec � R(⌧ = 1), that is, the transparency radius (Eq. (16)). Joining estimates of �0 and lower limits �LL

0
the reconstructed (through the KM estimator) distribution of �0 is shown by the solid black line (and its 95% uncertainty by the yellow shaded
region). The distributions are normalised to their respective number of elements. The two panels (right and left, respectively) show the case of a
homogeneous (s = 0) and wind (s = 2) medium.

Table 3. Average values and 68% confidence intervals on �0 (derived
with only measured tp – red line in Fig. 6) or including lower limits �LL

0
(derived from upper limits t

UL
p – black line in Fig. 6).

s = 0 [68% c.i.] s = 2 [68% c.i.]
�0 178 [142, 240] 85 [65, 117]
�0 & �LL

0 320 [200, 664] 155 [100, 256]

Eq. (16), substituting for each GRB its Liso, is shown by the
green solid line in Fig. 6 (with the leftward green arrows). This
distribution represents the most conservative limit on �0

9.
Similarly to the cumulative distributions of tp, shown in

Fig. 1, also the distributions of �0 (red solid line) and the dis-
tribution of lower limits �LL

0 (black dashed line) are very close
to each other. While at low and high values of �0 the two curves
are consistent with one another, for intermediate values of �0
the distribution of lower limits is very close to that of measured
�0. In the wind case (right panel of Fig. 6), the lower limits dis-
tribution violates the distribution of measured �0. This suggests
that the distribution of �0 obtained only with measured tp su↵ers
from the observational bias related to the lack of GRBs with very
early optical observations.

We used the KM estimator to reconstruct the distribution of
�0, combining measurements and lower limits, similarly to what
has been done in Sect. 3.1 for tp. The solid black line (with its
95% uncertainty) in Fig. 6 shows the most likely distribution of
�0 for the population of long GRBs under the assumption of a
homogeneous ISM (left panel) and for a wind medium (right
panel).

The median values of �0 (reported in Table 3) are 320 and
150 for the homogeneous and wind case, respectively, and they
are consistent within their 1� confidence intervals. G12 found
smaller average values of �0 (i.e. 138 and 66 in the homogeneous
and wind case, respectively) because of the smaller sample size

9 Changing the assumed value of R0 within a factor of 10 shifts the
green curve by a factor ⇠1.8.

(30 GRBs) and the non-inclusion of limits on �0. Indeed, while
the intermediate/small values of �0 are reasonably well sampled
by the measurements of tp, the bias against the measure of large
�0 is due to the lack of small tp measurements (the smallest tp
are actually provided by the still few LAT detections).

The reconstructed distribution of �0 (black line in Fig. 6) is
consistent with the distribution of upper limits derived assum-
ing tp � Tp,� (dotted grey distribution) in the homogeneous case.
For the wind medium there could be a fraction of GRBs (⇠20%)
whose tp is smaller than the peak of the prompt emission. How-
ever, Fig. 6 shows that, both in the homogeneous and wind case,
the reconstructed �0 distribution is consistent with the limiting
distribution (green line) derived assuming that the deceleration
occurs after transparency is reached.

7. Correlations

G12 found correlations between the bulk Lorentz factor �0 and
the prompt emission properties of GRBs: Liso / �2

0, Eiso / �2
0,

and with a larger scatter, Ep / �0. Interestingly, combining
these correlations leads to Ep / E

0.5
iso and Ep / L

0.5
iso which are

the Ep � Eiso (Amati et al. 2002) and Yonetoku (Yonetoku et al.
2004) correlations. G12 showed that, in order to reproduce also
the Ep � E� correlation (Ghirlanda et al. 2007), the bulk Lorentz
factor and the jet opening angle should be ✓2jet�0 = const.

In this section, with the 66 long GRBs with measured
�0 (a factor ⇠3 larger sample than that used in G12) plus
85 lower/upper limits, we analyse the correlations of �0 (both
in the homogeneous and wind case) with Liso, Eiso, and Ep.

Figure 7 shows the correlation between �0 (for the homo-
geneous and wind density circumburst medium, left and right
panels, respectively) and Liso. Lower limits �LL

0 are shown by
rightward black arrows and occupy the same region of the data
points with estimated �0 (red symbols). The green symbols show
the LAT bursts which have the largest values of Liso and �0. Up-
per limits �UL

0 obtained requiring that the onset of the afterglow

A112, page 10 of 19
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Figure 18
Distributions of jet opening angles for short (blue) and long (red ) GRBs on the basis of breaks in their
afterglow emission. Arrowheads mark lower or upper limits on the opening angles. The observations are
summarized in Section 8.4. From Fong et al. (2013) and references therein.

single optical data point (Nicuesa Guelbenzu et al. 2012a), whereas for GRB 090510 there is no
corresponding break in the optical band despite simultaneous coverage (Nicuesa Guelbenzu et al.
2012b). In addition to these putative breaks, several short GRBs exhibit no break in their X-ray
light curves to ∼1 day, leading to typical limits of !3◦ (e.g., GRBs 070714B, 070724A, 071227,
081226, and 101219A; Fong et al. 2012). The distribution of jet opening angles for short GRBs
along with a comparison to that of long GRB jets is shown in Figure 18.

Using the most robust detections and constraints described above (3 detections and 4 lower
limits), I find that the mean opening angle is ⟨θj⟩ ! 10◦. The resulting mean beaming factor
is fb ! 0.015, indicating that the correction to the observed short GRB rate is a factor of
"70 or a rate of up to ∼103 Gpc−3 year−1 (Nakar, Gal-Yam & Fox 2006; Coward et al. 2012;
Fong et al. 2012, 2013). In the context of compact object mergers, this value coincides with the
middle of the range on the basis of estimates from the Galactic NS-NS binary population and from
population synthesis models (Kalogera et al. 2004, Abadie et al. 2010). When converted to the
rate within the expected sensitivity volume of Advanced LIGO (∼200 Mpc), the resulting value
is ∼25 year−1. I note that if claimed values of θj ∼ 1–2◦ are indeed correct, then it is possible that
the correction to the short GRB rate is up to ∼3 × 103, leading to an Advanced LIGO detection
rate of ∼103 year−1. Thus, in the framework of compact object binary progenitors, the discovery
rate of NS-NS binaries with Advanced LIGO will provide insight on short GRB beaming.

The inferred opening angles also determine the true energy scale of short GRBs. For the
three events with likely jet breaks, the inferred beaming-corrected gamma-ray energies are Eγ ≈
(0.5–5) × 1049 erg. The four events with lower limits on the opening angles lead to a similar range
for their minimum beaming-corrected gamma-ray energies (with the upper bounds determined
by the isotropic-equivalent values). Because the short GRB sample spans Eγ ,iso ∼ 1049–1052 erg
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Short GRB 
090510

L / �2L0
<latexit sha1_base64="PUxRrOHwYAJ84BZMVSBoCTOB36E=">AAACE3icbVDLSgMxFM34rPVVdekmWARxUWaqoMuiC110UcE+oNOWTHrbhiaTIckIZZh/cOOvuHGhiFs37vwb08dCWw8EDuecm9ycIOJMG9f9dpaWV1bX1jMb2c2t7Z3d3N5+TctYUahSyaVqBEQDZyFUDTMcGpECIgIO9WB4PfbrD6A0k+G9GUXQEqQfsh6jxFipkzst+5GSkZGJP7ksUdBNE/+GCEHaxTTF5XZiE0xA2snl3YI7AV4k3ozk0QyVTu7L70oaCwgN5UTrpudGppUQZRjlkGb9WENE6JD0oWlpSAToVjJZI8XHVuninlT2hAZP1N8TCRFaj0Rgk4KYgZ73xuJ/XjM2vctWwsIoNhDS6UO9mGMj8bgg3GUKqOEjSwhVzO6K6YAoQo2tMWtL8Oa/vEhqxYJ3VvDuzvOlq1kdGXSIjtAJ8tAFKqFbVEFVRNEjekav6M15cl6cd+djGl1yZjMH6A+czx+uT59G</latexit>

⌫ / �⌫
0

<latexit sha1_base64="grj5iAdGpDksyhOhVsMdasHWbFg=">AAACFXicbVDLSgMxFM34rPVVdekmWAQXUmZU0GXRhS4r2Ad0asmkt21oHkOSEcowP+HGX3HjQhG3gjv/xvSx0NYDgcM55yY3J4o5M9b3v72FxaXlldXcWn59Y3Nru7CzWzMq0RSqVHGlGxExwJmEqmWWQyPWQETEoR4NrkZ+/QG0YUre2WEMLUF6knUZJdZJ7cJxKJMw1iq2Kg3H16UaOlkaXhMhSJZh59+nLsEEZO1C0S/5Y+B5EkxJEU1RaRe+wo6iiQBpKSfGNAM/tq2UaMsohywfJgZiQgekB01HJRFgWul4jQwfOqWDu0q7Iy0eq78nUiKMGYrIJQWxfTPrjcT/vGZiuxetlMk4sSDp5KFuwrFVeFQR7jAN1PKhI4Rq5nbFtE80odYVmXclBLNfnie1k1JwWgpuz4rly2kdObSPDtARCtA5KqMbVEFVRNEjekav6M178l68d+9jEl3wpjN76A+8zx8ryKCw</latexit>

Structure of GRB jets: intrinsic versus apparent 3

10-6

10-4

10-2

1

 1  10

E i
so

 / 
E i

so
,m

ax

θv [deg]

ultrarelativistic
Γ = 200

Figure 2. Example apparent structure of a uniform jet in the ultrarelativistic
limit (black dashed line) and for � = 200 (red solid line). The isotropic
equivalent energy is normalized to its maximum value, corresponding to
the jet observed on-axis. A jet semiaperture ✓

jet

= 3

� is assumed.

jet portion, and ⌘ is the prompt emission efficiency, which might as
well depend on ✓;
• we assign a Lorentz factor �(✓) to the emitting material com-

prised between ✓ and ✓ + d✓ during the prompt emission.

The functions ✏(✓) and �(✓) then define what we call the intrinsic
structure of the jet.

3 APPARENT STRUCTURE

3.1 Definition

We introduce here our notion of apparent structure. Let ✓
v

be the
viewing angle of an observer looking at a GRB jet, i. e. the angle
between the jet axis and the line of sight. We call “apparent struc-
ture” the function E

iso

(✓

v

), namely the isotropic equivalent energy
inferred by the observer as a function of ✓

v

. For the sake of clarity,
let us apply this definition to some examples:

(i) an isotropic explosion, defined by ✏(✓) = ✏ 8✓ 2 [0,⇡],
would clearly have

E

iso

= 4⇡ ✏ (1)

for all viewing angles;
(ii) the “classical” uniform (“top-hat”) GRB jet has

✏(✓) =

⇢
✏ ✓ < ✓

jet

0 ✓ > ✓

jet

(2)

and

�(✓) =

⇢
� ✓ < ✓

jet

1 ✓ > ✓

jet

(3)

In the ultrarelativistic limit (� ! 1) the uniform jet is indistin-
guishable from an isotropic explosion as long as ✓

v

< ✓

jet

, because
the relativistic beaming prevents (Rhoads 1997) the observer from
“seeing” anything not expanding exactly along the line of sight2.

2 The implicit assumption is that the jet expansion is purely radial with
respect to the central engine.

For the same reason, the GRB is always undetected if ✓
v

> ✓

jet

. In
other words, the apparent structure (dashed black line in Fig. 2) is

E

iso

(✓

v

) =

⇢
4⇡ ✏ ✓

v

< ✓

jet

0 ✓

v

> ✓

jet

(4)

This ultrarelativistic, uniform jet picture is often used in theoret-
ical works about GRBs;

(iii) relaxing the ultrarelativistic assumption, one must in prin-
ciple take into account the contribution to the observed flux coming
from the whole emitting volume of the jet (the result of such cal-
culation for the uniform jet is usually dubbed “off-axis jet model”,
e.g. Yamazaki et al. (2003); Eichler & Levinson (2004); Ghisellini
et al. (2006); Donaghy (2006)). For the uniform jet, the result-
ing apparent structure E

iso

(✓

v

) has been computed numerically by
many authors and it differs from Eq. 4 in that the transition from
the “on-axis” (✓

v

< ✓

jet

) to the “off-axis” (✓
v

> ✓

jet

) regime
is obviously smoother, and a non-zero energy is received from the
observer even at large viewing angles, since the radiation is not 100
per cent forward-beamed (red solid line in Fig. 2).

3.2 A general formula for the apparent structure of a jet

In the appendix we derive a formula to calculate the apparent struc-
ture E

iso

(✓

v

) of a jet with a given (axisymmetric) intrinsic structure
{✏(✓),�(✓)}. It is valid under the assumptions that the emission
comes from a geometrically and optically thin volume whose sur-
face does not change significantly during the emission. According
to our derivation, such apparent structure is given by

E

iso

(✓

v

) =

Z
�

3

(✓,�, ✓

v

)

�(✓)

✏(✓) d⌦ (5)

where ✓

v

is the angle between the line of sight and the jet axis,
and � is the relativistic Doppler factor. Here E

iso

is understood as
4⇡ d

2

L

/(1 + z) times the bolometric fluence measured at the Earth
(d

L

is the luminosity distance). A formula to calculate the observed
time integrated spectrum under the same set of assumptions is also
derived in the appendix (Eq. 33). It reads

F(⌫, ✓

v

) =

1 + z

4⇡ d

2

L

Z
�

2

(✓,�, ✓

v

)

�(✓)

f(x, ~↵)

⌫

0
0

f

~↵

✏(✓) d⌦ (6)

where we have set x = (1+ z)⌫/(�⌫

0
0

) for neatness. Here f(x, ~↵)
is a dimensionless function which defines the comoving spectral
shape, which can depend on an array ~↵ of parameters (see the Ap-
pendix for more details on its definition), ⌫0

0

is some typical fre-
quency of the comoving spectrum, and

f

~↵

=

Z 1

0

f(x, ~↵) dx (7)

Formula 6 can be used to compute the isotropic equivalent energy
in a specific band, by using

E

iso,[⌫

1

,⌫

2

]

(✓

v

) =

4⇡ d

2

L

1 + z

Z
⌫

2

/1+z

⌫

1

/1+z

F(⌫, ✓

v

)d⌫ (8)

3.3 Comparison with previous studies

As a consistency check, we test our approach assuming a uniform
jet structure (eqs. 2 and 3) and compare the results with the off-
axis models of Yamazaki et al. (2003, Y03 hereafter), Eichler &
Levinson (2004, E04 hereafter) and Ghisellini et al. (2006, G06
hereafter).

c� 2015 RAS, MNRAS 000, 1–10

Salafia et al. 2015L / L0

�6
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Where is the afterglow of 170817?
Troja et al. 2017, Nat; Hallinan et al. 2017, Sci

 

Extended Data Figure 3 –Afterglow modeling for different jet profiles viewed at an angle 

We consider three well-known jet profiles: top-hat (dot-dashed line), gaussian (solid line), and 

power law (dashed line). A power law structured jet is not consistent with the lack of afterglow 

detection at early times. A top-hat jet and a gaussian structured jet can describe the afterglow 

behavior, and imply a significant off-axis angle. The gaussian jet has the additional advantage of 

consistently explaining both the prompt gamma-rays and the afterglow emission.  

 

 

 

 

 

 

 

Figure 1: Optical/Infrared and X-ray images of the counterpart of GW170817  

a Hubble Space Telescope observations show a bright and red transient in the early-type galaxy 

NGC 4993, at a projected physical offset of ~2 kpc from its nucleus. A similar small offset is 

observed in some (~25%) short GRBs5. Dust lanes are visible in the inner regions, suggestive of a 

past merger activity (see Methods). b Chandra observations revealed a faint X-ray source at the 

position of the optical/IR transient. X-ray emission from the galaxy nucleus is also visible.  

 

 

 

Non standard decay 
afterglow
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Short GRBs and 170817

Since the total baryonic mass of the system can only be
reduced (by mass ejection), the maximum baryonic mass of the
merger remnant and accretion disc is bound by MB

Initial. From
Figure 3, we can see that for the measured NS gravitational
masses with the low-spin prior, the MS1 and SHT EOS could
not form a BH since M MB

Initial
B
Static< . Assuming that the

magnitude of the spins is small, the MS1 and SHT EOS are
incompatible with BH formation. If the dimensionless spins of
the NSs are allowed to be larger than 0.05, BH formation is
only disfavored: we find that a fraction 83% (MS1) and 84%
(SHT) of the posterior distribution satisfies M MB

Initial
B
Static< .

For both spin priors, we find that the H4, LS220, SFHo, and
SLy EOS result in M MB

Initial
B
Uniform> . Even when assuming a

large ejecta mass of M0.1 :, the remaining mass cannot form a
uniformly rotating NS. For those EOS, the merger either results
in prompt BH formation or in a short-lived remnant, with a
lifetime determined by the dissipation of differential rotation
and/or disk accretion.

To be compatible with scenario (ii), the lifetime of the
merger remnant would have to be sufficiently long to power the
GRB. We note that prompt BH formation is a dynamic process
accessible only to numerical relativity simulations. Although
there are parameter studies (Hotokezaka et al. 2011; Bauswein
et al. 2013), they only consider equal mass binaries.
Considering also the error margins of those studies, we
currently cannot exclude prompt collapse for the H4, LS220,
SFHo, and SLy EOS. Finally, we note that for the APR4 EOS
only the possibility of a stable remnant can be ruled out. More
generally, only EOSs with M M3.2B

Static < : are consistent with
scenario (i) when assuming the low-spin prior, or with
M M3.7B

Static < : for the wider spin prior. These bounds were
derived from the 90% credible intervals of the MB

Initial posteriors
(and these, in turn, are determined for each EOS in order to
account for binding energy variations). These upper limits are
compatible with and complement the lower bounds on MG

Static

from the observation of the most massive known pulsar, which
has a mass of M2.01 0.04 :( ) (Antoniadis et al. 2013). In

Section 6.5 we will discuss some model-dependent implica-
tions of the lack of precursor and temporally extended gamma-
ray emission from GRB170817A on the progenitor NSs.

6. Gamma-ray Energetics of GRB170817A
and their Implications

Using the measured gamma-ray energy spectrum and the
distance to the host galaxy identified by the associated optical
transient, we compare the energetics of GRB170817A to those
of other SGRBs at known redshifts. Finding GRB170817A to
be subluminous, we discuss whether this dimness is an
expected observational 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 GRB170817A

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 energetics of GRB170817A
using the standard formalisms (Bloom et al. 2001; Schaefer
2007). GRBs are believed to be relativistically beamed and their
emission collimated (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
E 3.1 0.7 10iso

46= ´( ) erg, and the isotropic peak luminos-
ity, L 1.6 0.6 10iso

47= ´( ) erg s−1, in the 1 keV–10MeV
energy band. These energetics are from the source interval—i.e.,
the selected time range the analysis is run over—determined in
the standard manner for GBM spectral catalog results, allowing
us to compare GRB170817A to other GRBs throughout this
section. The uncertainties on the inferred isotropic energetics
values here include the uncertainty on the distance to the host
galaxy. As a cross check, the isotropic luminosity is also

Figure 4. GRB170817A is a dim outlier in the distributions of Eiso 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 2 s90 = 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 therefore, will overestimate the total value in the extrapolated energy range.
The green curve demonstrates how the (approximate) GBM detection threshold varies as a function of redshift. All quantities are calculated in the standard 1 keV–
10 MeV energy band.
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If 170817 were a standard  (Γ>>100; ϑjet~10°) GRB 
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GRB 170817 – Off axis jet

Since the total baryonic mass of the system can only be
reduced (by mass ejection), the maximum baryonic mass of the
merger remnant and accretion disc is bound by MB

Initial. From
Figure 3, we can see that for the measured NS gravitational
masses with the low-spin prior, the MS1 and SHT EOS could
not form a BH since M MB

Initial
B
Static< . Assuming that the

magnitude of the spins is small, the MS1 and SHT EOS are
incompatible with BH formation. If the dimensionless spins of
the NSs are allowed to be larger than 0.05, BH formation is
only disfavored: we find that a fraction 83% (MS1) and 84%
(SHT) of the posterior distribution satisfies M MB

Initial
B
Static< .

For both spin priors, we find that the H4, LS220, SFHo, and
SLy EOS result in M MB

Initial
B
Uniform> . Even when assuming a

large ejecta mass of M0.1 :, the remaining mass cannot form a
uniformly rotating NS. For those EOS, the merger either results
in prompt BH formation or in a short-lived remnant, with a
lifetime determined by the dissipation of differential rotation
and/or disk accretion.

To be compatible with scenario (ii), the lifetime of the
merger remnant would have to be sufficiently long to power the
GRB. We note that prompt BH formation is a dynamic process
accessible only to numerical relativity simulations. Although
there are parameter studies (Hotokezaka et al. 2011; Bauswein
et al. 2013), they only consider equal mass binaries.
Considering also the error margins of those studies, we
currently cannot exclude prompt collapse for the H4, LS220,
SFHo, and SLy EOS. Finally, we note that for the APR4 EOS
only the possibility of a stable remnant can be ruled out. More
generally, only EOSs with M M3.2B

Static < : are consistent with
scenario (i) when assuming the low-spin prior, or with
M M3.7B

Static < : for the wider spin prior. These bounds were
derived from the 90% credible intervals of the MB

Initial posteriors
(and these, in turn, are determined for each EOS in order to
account for binding energy variations). These upper limits are
compatible with and complement the lower bounds on MG

Static

from the observation of the most massive known pulsar, which
has a mass of M2.01 0.04 :( ) (Antoniadis et al. 2013). In

Section 6.5 we will discuss some model-dependent implica-
tions of the lack of precursor and temporally extended gamma-
ray emission from GRB170817A on the progenitor NSs.

6. Gamma-ray Energetics of GRB170817A
and their Implications

Using the measured gamma-ray energy spectrum and the
distance to the host galaxy identified by the associated optical
transient, we compare the energetics of GRB170817A to those
of other SGRBs at known redshifts. Finding GRB170817A to
be subluminous, we discuss whether this dimness is an
expected observational 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 GRB170817A

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 energetics of GRB170817A
using the standard formalisms (Bloom et al. 2001; Schaefer
2007). GRBs are believed to be relativistically beamed and their
emission collimated (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
E 3.1 0.7 10iso

46= ´( ) erg, and the isotropic peak luminos-
ity, L 1.6 0.6 10iso

47= ´( ) erg s−1, in the 1 keV–10MeV
energy band. These energetics are from the source interval—i.e.,
the selected time range the analysis is run over—determined in
the standard manner for GBM spectral catalog results, allowing
us to compare GRB170817A to other GRBs throughout this
section. The uncertainties on the inferred isotropic energetics
values here include the uncertainty on the distance to the host
galaxy. As a cross check, the isotropic luminosity is also

Figure 4. GRB170817A is a dim outlier in the distributions of Eiso 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 2 s90 = 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 therefore, will overestimate the total value in the extrapolated energy range.
The green curve demonstrates how the (approximate) GBM detection threshold varies as a function of redshift. All quantities are calculated in the standard 1 keV–
10 MeV energy band.
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Gamma Ray Bursts à relativistic jets
If 170817 were a standard  (Γ~100; ϑjet~10°) GRB off-axis 

L~1047 erg/s       (debeaming)

Afterglow appears when 
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T
90

= 2.0±0.5 s. The 64 ms peak flux in the 10–1000 keV band
was 3.7 ± 0.9 ph cm�2

s

�1, and the fluence was (2.8± 0.2) ⇥
10

�7

erg cm

�2. Detailed analysis (Goldstein et al. 2017; Zhang
et al. 2018) indicates the possible presence of two components:
a non-thermal component dominating the early part of the light
curve, whose spectrum is fit by a power-law with an exponen-
tial cut-off with E

peak

= 185 ± 62 keV, and has a fluence of
(1.8± 0.4) ⇥ 10

�7

erg cm

�2; and a thermal component visible
in the tail of the light curve, which can be fit by a blackbody with
k

B

T = 10.3 ± 1.5 keV (where k

B

is the Boltzmann’s constant)
and a fluence of (0.61± 0.12) ⇥ 10

�7

erg cm

�2, which corre-
sponds to an isotropic equivalent energy (1.20±0.23)⇥10

46

erg

at d
L

⇡ 40Mpc (i.e. the distance to the host galaxy NGC4993,
Hjorth et al. 2017; Im et al. 2017). According to Goldstein et al.
(2017), the thermal component could be present since the be-
ginning, masked initially by the non-thermal emission. Multi-
wavelength follow-up of the event (Abbott et al. 2017c) resulted
in several important detections. In the ultraviolet (UV), optical,
and near infrared (NIR) during the week following the merger, a
relatively bright optical transient was discovered (Coulter et al.
2017; Valenti et al. 2017) and extensively observed (e.g. An-
dreoni et al. 2017; Arcavi et al. 2017; Chornock et al. 2017;
Covino et al. 2017; Díaz et al. 2017; Drout et al. 2017; Evans
et al. 2017; Hallinan et al. 2017; Pian et al. 2017; Pozanenko
et al. 2018; Smartt et al. 2017; Utsumi et al. 2017). Its nature
is established (e.g. Pian et al. 2017; Cowperthwaite et al. 2017;
Gall et al. 2017; Kilpatrick et al. 2017; McCully et al. 2017;
Nicholl et al. 2017; Smartt et al. 2017) as being nuclear-decay-
powered emission from the expanding NS-NS merger ejecta (i.e.
a kilonova, Li & Paczyński 1998; Metzger et al. 2010; Metzger
2017).

Another transient, which we interpret as a GRB-related af-
terglow, has been detected in X-rays by Chandra (Troja et al.
2017; Margutti et al. 2017; Haggard et al. 2017; Troja et al. 2018;
Margutti et al. 2018) and XMM-Newton (D’Avanzo et al. 2018)
in the Optical by HST (Lyman et al. 2018; Margutti et al. 2018)
and in radio by several facilities (Hallinan et al. 2017; Mooley
et al. 2017; Margutti et al. 2018; Dobie et al. 2018). Observations
between 9 and 150 days after GRB170817A show a spectrum
which is consistent with a single power law extending from a few
gigahertz to the X-ray band (Margutti et al. 2018). The luminos-
ity during that period kept rising approximately as t0.8 (Mooley
et al. 2017). Observations in the optical (Margutti et al. 2018), X-
rays (D’Avanzo et al. 2018) and radio (Dobie et al. 2018) around
150 days started to show some signs of a flattening in the light
curve, and a peak at approximately 160 days was later confirmed
(Alexander et al. 2018). When interpreted as synchrotron emis-
sion from a blast wave in a constant-density interstellar medium
(ISM), these observations indicate (Nakar & Piran 2018) that the
emitting material is mildly relativistic (� ⇠ a few).

3. The time delay between GW170817 and
GRB170817A: relatively short for an off-axis jet

As discussed in Salafia et al. (2016) and Murguia-Berthier et al.
(2017a) for example, the observed duration of a GRB should not
depend on the viewing angle. Individual pulses that constitute
the light curve become longer with increasing viewing angle,
but their separation remains unchanged. The result is a smoother
pulse shape when the jet is seen off-axis, but without significant
change in the total duration (provided that single pulses are much
shorter than the total duration of the burst).

Rt

NS-NS
merger

JE
T

θ  - θv      jet

gamma-ray
photons

gravitational
waves

time
delay

to observer

Fig. 1. If the gamma-ray prompt emission is due to an off-axis jet,
the arrival time difference between the last gravitational waves and the
first gamma-ray photons is dominated by the time it takes for the jet to
become transparent in the observer frame.

The delay with respect to the jet launch time (and thus the
merger time in our case), instead, increases with the viewing an-
gle. We show in what follows that it is hard to reconcile a delay
of ⇠2 seconds with emission from a jet seen under a large view-
ing angle (somewhat similar arguments are outlined in Shoe-
maker & Murase 2018).

In order to emit gamma-rays, the jet must expand enough to
become transparent. We estimate the transparency radius R

t

as
(e.g. Daigne & Mochkovitch 2002)

R
t

=

L
K,iso

�
T

8⇡m
p

c3�3

, (1)

where �
T

is the Thomson cross-section, m
p

is the proton mass,
and we are assuming an electron fraction of unity. L

K,iso

in this
expression is the isotropic equivalent kinetic luminosity of the
outflow, that is, L

K,iso

= �

˙M
iso

c2. If we assume that the jet
is launched a short time (⌧ 1 s) after the merger, the arrival
time difference between the latest gravitational waves and the
first photons is

t
�

� t
GW

⇡ R
t

�c
(1� � cos (✓

v

� ✓
jet

)) . (2)

This accounts for the fact that fluid elements on the jet border
must travel up to R

t

at a speed of �c before being able to emit
the gamma-ray photons (see Fig. 1).

We can relate the kinetic luminosity of the jet to the on-axis
gamma-ray luminosity by assuming that 10% of the kinetic lu-
minosity is converted into photons, that is, L

iso

(✓
v

= 0) =

0.1L
K,iso

(as in e.g. Kathirgamaraju et al. 2017, see also Be-
niamini & Granot 2016 who show that this is a typical conver-
sion efficiency). We compute the corresponding off-axis lumi-
nosity L

iso

(✓
v

) using Eq. 11 of Salafia et al. (2016). If we require
that L

iso

(✓
v

) = 10

47

erg/s as in GRB170817A (Goldstein et al.
2017), and we assume a jet half-opening angle ✓

jet

, we can com-
pute the corresponding on-axis luminosity L

iso

(0) and arrival
time delay t

�

�t
GW

for various combinations of the bulk Lorentz
factor � and off-axis viewing angle ✓

v

�✓
jet

. Figure 2 shows the
contours of these quantities for ✓

jet

= 0.2 rad = 11.5� (the fig-
ure would be very similar for ✓

jet

= 0.1 rad or ✓
jet

= 0.3 rad).
The red solid contour corresponds to the actual 1.7 s delay time
as observed in GRB170817A, while the dotted contours repre-
sent the on-axis luminosities. The figure shows that a “standard”
jet with a large Lorentz factor � & 70 and an on-axis lumi-
nosity L

iso

(0) ⇠ 10

51

erg/s is formally compatible with the
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GRB 170817 – Off axis jet ??

Delay GW-EM

But only slightly off axis

+ GW signal à angular momentum 
+ KN color evolution 
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GRB 170817 – Unexpected afterglow

Soon after peak the afterglow should decay normally (t-1), instead shallow rise

Mooley et al. 2018; Nat.

Delay GW-EM

Non standard jet seen off-axis
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GRB 170817 – Structured jet model

Shallow rise of the radio light curve

Delay GW-EM

Discreteàcontinous structure

Γ1 > Γ2 > Γ3

Ε1 > Ε2 > Ε3

Structured jet in GRBs 
Rossi et al. 2002; Zhang et al. 2002; 

Granot et al. 2009 
… … 

Salafia et al. 2015, 2015b, Pescalli et al. 2015 

Peak is a combined effect 
of beming and orientation
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Structured jet: a natural expectation
What the heck is the “cocoon”?

[Lazzati et al. 2016]

O. S. Salafia (INAF - OAB / INFN - MiB) lessons from GW170817 2019-03-07 12 / 34

Succesfull jet 
Angular structure

Γ1 > Γ2 > Γ3

Ε1 > Ε2 > Ε3

Lazzati et al. 2016

Gottlieb, Nakar et al. 2018

Succesfull jet 
or 

Structured jet
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Gottlieb, Nakar et al. 2018

Structured jet: a natural expectation … but
Choked jet
Radial structure

Γ1 < Γ2 < Γ3

Ε1 > Ε2 > Ε3

What the heck is the “cocoon”?

[Lazzati et al. 2016]

O. S. Salafia (INAF - OAB / INFN - MiB) lessons from GW170817 2019-03-07 12 / 34

Lazzati et al. 2016

Choked jet 
or 

Failed jet
or 

Cocoon
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Gamma Ray Bursts à relativistic structured jets
If 170817 were a structured jet

L~1047 erg/s       (intrinsically)

Afterglow appears à deceleration

GRB 170817 – choked jet model

Shallow rise of the radio light curve à energy injection

Delay GW-EM à transparency or dissipation

Discreteàcontinous structure

Peak is a dynamic effect 
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Which structure?
Succesfull jet 

Angular structure
Choked jet
Radial structure

Γ1 > Γ2 > Γ3

Ε1 > Ε2 > Ε3

Γ1 < Γ2 < Γ3

Ε1 > Ε2 > Ε3

Ghirlanda 2018
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Succesfull jet 

Angular structure
Choked jet
Radial structure

Γ1 > Γ2 > Γ3

Ε1 > Ε2 > Ε3

Γ1 < Γ2 < Γ3

Ε1 > Ε2 > Ε3

Ghirlanda 2018
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Ecore=2.5x1052 erg ; s1=5.5; 
Γc = 250 ;  s2=3.5;  ϑcore=3.4 deg

p=2.15; εe=0.1; εB= 10-4

nism=4x10-4 cm-3 ; ϑview=15 deg  
E0 = 1.5x1052 erg
α = 6
Γmax= 6
Θ = 30, 45, 60 deg
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Polarization

GW170817 radio polarization 3

Fig. 1.— TOP: Stokes Q intensity map of the co-added observations of the
GW170817 field carried out in S-band between March 25 and May 12 (see
Table 1). Stokes I contours of GW170817 radio counterpart are also shown
(white; 20%, 40%, 60%, and 80% relative emission contours). GW170817
radio counterpart is located at ↵ = 13h09m48s.071, � = �23�22053.3700
(J2000; e.g., Hallinan, Corsi et al. 2017; Kasliwal et al. 2017). The Stokes I
intensity contours of the host galaxy of GW170817 are also overlaid (bottom-
right portion of the panel). The FWHM synthesized beam ellipse is shown
in magenta. BOTTOM: Same as the top panel, but for the Stokes U intensity
map.

and of area comparable to that of the FWHM synthesized
beam, we calculate the peak brightness measured in Stokes
Q and Stokes U at the various epochs, and in the co-added
dataset. In all cases we find that the measured Stokes Q and U
peak brigtness at the GW170817 location is below < 3⇥�Q,U
where �Q,U is the map rms. Thus, all our polarization obser-
vations yielded non-detections in Stokes Q and U.

3. RESULTS AND DISCUSSION

In our March 02 UTC observation, which had the shortest
duration (Table 1), we measure p =

p
Q

2 + U

2/�U,V ⇡ 3.0
(where �

U,V = 4.5 µJy/beam; see Table 1) at 2.8 GHz. Ac-
counting for Ricean bias, we thus set a 99% confidence up-
per limit of p < 5.2 (Vaillancourt 2006). The Stokes I peak
brightness measured at this epoch is (75.9 ± 6.4) µJy (this in-
cludes a 5% absolute flux density calibration error), and thus

Fig. 2.— VLA upper-limit on the linear polarization fraction
p

Q

2 + U

2/I
of the GHz radio flux of GW170817 (downward pointing triangle) compared
with di↵erent theoretical predictions for the power-law structured jet model
(PLJ; black), and for a quasi-spherical ejecta (QS; blue). These predictions
are by Gill & Granot (2018). For the models here plotted, b = 0 represents
the case of a magnetic field completely contained in the plane of the shock,
while b > 0 is for a magnetic field whose component in the direction of the
shock normal also contributes. See text for discussion.

the corresponding upper-limit on the linear polarization frac-
tion is ⇧ =

p
Q

2 + U

2/I . 31% at ⇡ 197 d since merger.
From the co-added map derived using our last four obser-

vations with comparable rms sensitivity (Table 1 and Fig.
1), we get p =

p
Q

2 + U

2/�U,V ⇡ 1.7 (where �
U,V =

1.7 µJy/beam; see Table 1) at 2.8 GHz and at a mean epoch
of ⇡ 244 d since merger, which implies a 99% upper-limit on
p of p < 3.8 (Vaillancourt 2006). The Stokes I peak bright-
ness measured for GW170817 in the co-added image is of
(51.9±3.3) µJy/beam (fully consistent with the turnover trend
identified by Dobie et al. 2018). Thus, our most stringent
upper-limit on the linear polarization fraction of GW170817
is of ⇧ =

p
Q

2 + U

2/I . 12% at ⇡ 244 d since merger (Fig.
2).

As discussed in Section 1, a successful structured jet (sce-
nario (i)) and a choked jet - cocoon system (scenario (ii)) can
both explain the observed radio light curve of GW170817
(e.g., Hallinan, Corsi et al. 2017; Kasliwal et al. 2017; Gill
& Granot 2018; Lazzati et al. 2017c; Margutti et al. 2018;
Mooley et al. 2018; Nakar & Piran 2018). Thus, polarization
observations have been proposed as a way to break this degen-
eracy and discriminate between scenarios (i) and (ii) (Lazzati
et al. 2017c; Gill & Granot 2018; Nakar et al. 2018). The
predictions for the linear polarization near the peak of the ra-
dio light curve are indeed substantially di↵erent in these two
cases. For a given magnetic field configuration, the successful
jet scenario produces a larger polarization than that expected
for a quasi-spherical outflow. However, for both outflow
structures, the predicted polarization fraction also depends
strongly on the configuration of the magnetic field (which is
usually assumed to be completely tangled in the plane of the
shock). Specifically, the degree of linear polarization is max-
imum for a magnetic field fully contained within the plane
of the shock, and decreases with an increasing magnetic field
component in the direction of the shock normal. This e↵ect
can be parametrized by the ratio b = 2 < B

2
sn > / < B

2
sp >,

Corsi et al. 2018

Contribute:
1)  Magnetic field configuration 

(randomness & compression)
2)  Γ
3)  Geometry (ϑjet ; ϑview) 
4)  Emission mechanism

JVLA @ 244d, 2.8 GHz	  	  	  

Π<12% (90%)

[Rossi+2004 … Gill & Granot 2018; Nakar+2018; Lazzati+2018]

b = 2
< B? >

< Bk >
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Still compatible with a 
structured jet with B 
component perp. shock

Corsi et al. 2018
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Sky maps of GRB 170817A 3
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Fig. 2.— Images of the intensity distribution, I⌫(x, y) for both explosion models seen at ✓
obs

= 30�. I⌫(x, y) is represented logarithmically,
increasing in value over two decades from log

10

I⌫,max

� 2 (dark blue) to log
10

I⌫,max

(yellow). The jet axis is oriented horizontally, with
the approaching side on the left and the receding side on the right. The red plus sign marks the merger site, and is 2mas in size. The filled
orange circles mark the centroid xc of the intensity distribution. The vertical black bars are positioned horizontally at x

max

, where the
longitudinal intensity distribution I⌫,avg

(x) peaks, and their height is �y, the FWHM of I⌫(xmax

, y). xc and �y are computed at 43GHz,
while the logarithmic image morphology is frequency-independent for any frequency on the same power-law segment of the synchrotron
spectrum.

over in Equation 2 are obtained by sub-dividing the 2D
r�✓ simulation volumes into 50 evenly spaced azimuthal
cells. This procedure is redundant when computing im-
ages or lightcurves for on-axis observers, but is necessary
when considering the case of o↵-axis observers.

The cell emissivity j

n
r (n̂) is obtained by transform-

ing the comoving emissivity j

0
⌫0 to the lab frame. j

0
⌫0

is isotropic, and describes synchrotron emission from a
single power-law distribution of electron energies (hav-
ing index p = 2.15) extending between a minimum syn-
chrotron frequency ⌫

0
m and a cooling frequency ⌫

0
c. The

choice of a single power-law for the electron energy dis-
tribution is appropriate as long as ⌫

0
c remains higher

than the image frequency. Radio through X-ray obser-
vations from 220 days showed no sign of a cooling break
in the synchrotron spectrum, so radio frequency images
based on single power-law electrons are expected to re-
main valid through late evolution phases. We utilize
standard synchrotron modeling, and adopt nominal pa-
rameters ✏B = 10�2 and ✏e = 0.1 which were successful
in Xie et al. (2018) at fitting the synchrotron afterglow
lightcurve.

We present images in terms of flux density per solid
angle (units of Jy/mas2), adopting a nominal source dis-
tance of 40 Mpc. For each time bin m, Im

i,j is convolved
with an isotropic Gaussian kernel 5 pixels (300µas)
across. These smoothed histograms are referred to as
images, sky maps, or intensity distributions, and are de-
noted by I⌫(x, y), where x and y are measured in milliarc-

seconds. The image coordinate system is centered at the
merger site, and oriented so that �x increases along the
approaching jet’s projection on the sky (the counter-jet
is on the right-hand-side of the images where x > 0).
Given the relatively close proximity of the source, we do
not account for cosmological redshift factors.

3. RESULTS

Radio sky maps for observer angles 15� and 30� are
shown in Figures 1 and 2. These are images of the nor-
malized intensity distribution,

Ī⌫(x, y) ⌘ I⌫(x, y)

I⌫,max

, (3)

where I⌫,max

is the intensity of the brightest pixel in the
image. Note that Ī⌫(x, y) conveys only the source mor-
phology, not the brightness of individual features from
one image to another. In Figure 3 we show y-averaged
intensity distributions,

I⌫,avg

(x) =
1

�y

Z
I(x, y) dy , (4)

indicating the relative brightness of morphological fea-
tures and between temporal slices. Also note that the
images shown in Figures 1 and 2 depict the logarithm of
intensity, and so the image morphology is independent
of frequency for emission at any frequency on the same
spectral power-law segment.

[Gill & Granot 2018; Nakar+2018; Zrake+2018; Mooley+2018; Ghirlanda+2018]

Structured jet has larger displacement and smaller size than cocoon

Imaging

1)  apperent motion
2)  source size

3
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Global-VLBI EVN project (GG084) + eMERLIN (CY6213) {+ EVN (RG009)} 

Imaging

33 telescopes
5 continents
11 Research Institutes

NEUTRON STAR MERGER

Compact radio emission indicates a
structured jet was produced by a
binary neutron star merger
G. Ghirlanda1,2,3*, O. S. Salafia1,2,3*, Z. Paragi4, M. Giroletti5, J. Yang6,7, B. Marcote4,
J. Blanchard4, I. Agudo8, T. An9, M. G. Bernardini10†, R. Beswick11, M. Branchesi12,13,
S. Campana1, C. Casadio14, E. Chassande-Mottin15, M. Colpi2,3, S. Covino1, P. D’Avanzo1,
V. D’Elia16, S. Frey17, M. Gawronski18, G. Ghisellini1, L. I. Gurvits4,19, P. G. Jonker20,21,
H. J. van Langevelde4,22, A. Melandri1, J. Moldon11, L. Nava1, A. Perego3‡,
M. A. Perez-Torres8,23, C. Reynolds24, R. Salvaterra25, G. Tagliaferri1, T. Venturi5,
S. D. Vergani26, M. Zhang27,28

The binary neutron star merger event GW170817 was detected through both electromagnetic
radiation and gravitational waves. Its afterglow emission may have been produced by either
a narrow relativistic jet or an isotropic outflow. High-spatial-resolution measurements
of the source size and displacement can discriminate between these scenarios.We present
very-long-baseline interferometry observations, performed 207.4 days after the merger
by using a global network of 32 radio telescopes. The apparent source size is constrained
to be smaller than 2.5 milli–arc seconds at the 90% confidence level. This excludes the
isotropic outflow scenario, which would have produced a larger apparent size, indicating
that GW170817 produced a structured relativistic jet. Our rate calculations show that
at least 10% of neutron star mergers produce such a jet.

T
he binary neutron star merger GW170817
was detected in both gravitational waves
(GWs) (1) and electromagnetic (EM) emis-
sion (2). Less than 2 s after the detection of
the GW signal, a weak short duration g-ray

burst (GRB 170817A) was observed (3, 4). Eleven
hours later, electromagnetic observations from
ultraviolet to near-infrared wavelengths (2) pin-
pointed the host galaxy as NGC 4993, at ~41Mpc

distance. The temporal and spectral properties of
this emission component reflect those expected
for a kilonova, the radioactive decay–powered
emission from material ejected during and after
a neutron star merger (5, 6). Nine and 16 days
after the GW event, x-ray (7, 8) and radio (9) emis-
sions were detected. These are interpreted as
the afterglow of GRB 170817A. Monitoring of
the afterglow with radio, optical, and x-ray tele-

scopes showed a slow achromatic increase in
flux (F º t0.8, where F indicates the flux and t
indicates the time elapsed since GW170817) (10)
until ~150 days after the merger (11–13). After
this epoch, the flux began to decrease (14, 15).
Interpretation of the long-lived radio, optical,

and x-ray emission has suggested the launch of a
jet from the remnant of the merger. The jet drills
into the surrounding kilonova material that was
ejected shortly beforehand. Either the jet suc-
cessfully breaks through the ejecta, developing
an angular structure [the energy and velocity
scale with the angular distance q from the jet
axis (16)], or it fails to break out, depositing all
its energy into the ejecta and forming a hot co-
coon, which subsequently expands because of its
high pressure (17–20). In the latter case, the
energy is expected to be distributed over a wide
opening angle, and the expansion velocity is
expected to be lower with respect to the jet
scenario. Owing to the angular structure, the
successful jet scenario is often called a struc-
tured jet (21, 22), whereas the unsuccessful jet
scenario is sometimes referred to as a choked
jet or cocoon.
The x-ray, optical, and radio brightness as

function of time (light curve) of GRB 170817A up
to ~230 days (15, 23) does not distinguish the
two scenarios; with reasonable parameters, both
models are consistent with those observations.
Independent constraints on the geometry of the
relativistic outflow can be obtained through po-
larization measurements and/or interferometric
imaging (24–27). Because of the higher velocity
and narrower opening angle, a structured jet is
expected to have a larger displacement from the
merger location and, at ~200 days, is predicted
to be compact, with an angular size smaller
than 2 milli–arc sec (24, 27). Conversely, a choked

RESEARCH

Ghirlanda et al., Science 363, 968–971 (2019) 1 March 2019 1 of 4

Fig. 1. Observed and simulated radio images of GRB170817A.
(A) Radio image from our global-VLBI observation (measured
brightness root mean square of 8 mJy beam−1). Red contours
(dashed for negative values) indicate brightness levels of –20,
20, and 40 mJy beam−1. The beam size (3.5 × 1.5 milli–arc sec)
is illustrated by the ellipse in the bottom left. (B) A zoom on the
position of the source, with black error bars showing previously
reported (23) centroid positions at 75 days and 230 days after
the merger. The source is moving to the left in this orientation.
Axes show the projected distance in milli–arc seconds from
the position at 75 days. (C) Same as (A), but showing a
simulated radio image for the structured jet model, convolved
to the same beam as the observation, with real noise added.
(D) Same as (B), but for the choked jet cocoon model with
qc = 30°. (E) Same as (D), but for qc = 45°. The structured
jet model most closely matches the observations.
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jet of material that escaped the surrounding ejecta and is now expanding into the interstellar medium at relativistic 
uniformly expanding cocoon, as some have suggested. Instead, the data indicate that GW170817 produced a structured
array of 32 radio telescopes spread across the globe. The size and position of the radio source are not compatible with a 

 observed the radio afterglow with an interferometricet al.particularly the late-time x-ray and radio emission. Ghirlanda 
electromagnetic spectrum. However, the physical processes that produced that emission remain poorly understood, 

The binary neutron star merger event GW170817 was observed with gravitational waves and across the
Merging produced a structured jet
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Apparent motion [Mooley+2018, Nat.]

VLBA + VLA + GBT: 2/4 epochs (Sept 2017 – Apr. 
2018, L,S,C,C) @ <75d> and <230d> (4.5 GHz) 

75 days230 days
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Imaging

μ

Peak brightness 42 ± 8 μJy/beam
[cnst. interpolating closest JVLA F=47±9 μJy]

8-22 March (12 runs) eMERLIN 
Fp < 60 μJy/beam

beam = 3.5x1.5 mas;  PA=-6 deg
S =2.9 mas (1DGaussian fit but F=93 μJy)

S =1.3±0.6 mas (2DGaussian fit with F=47 μJy)

8 μJy/beam rms 

Size constraints [Ghirlanda et al. 2019, Sci]
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μ

< 2 mas

> 3 mas

Size constraints [Ghirlanda et al. 2019, Sci]
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Model images… and real data
1. Develop model

our beam

HSA beam (Mooley+18b)

2. Convolve 
with beam

3. Add noise

Structured jet Choked jet/cocoon, under 30, 45, 60deg viewing angle

Structured 
jet model

Cocoon 
(30 deg)

Cocoon 
(45 deg)

Imaging

Size constraints [Ghirlanda et al. 2019, Sci]
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Flat prior

Gauss prior (47±9 μJy)Bayesian approach (MonteCarlo implementation) 

Probability of excluding a 
size (σx σy) given that we 
measure a peak brightness 

of 42±8 μJy/beam
Model 

image size 
Cocoon (30 deg)

Size (Bayesian) test à 
Structured Jet P=70% 

Imaging

Size constraints [Ghirlanda et al. 2019, Sci]
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Structured jet and rates
Structured jet model (universal structure) à Luminosity 
function (Pescalli et al. 2015; Salafia et al. 2015; Ghirlanda 
et al. 2016)

BNS rate (Abbott+2017) 

At least 10% of BNS launch a jet that 
succesfully breaks out of the merger ejecta

Rate infered 
from Fermi 
detection

Rate infered from 
Short GRBs 
(Ghiralnda et al. 
2016)
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The current interpretation
Video by Gottlieb, Nakar, Harrison
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Ready for O3?

Source Summary

23

Take Aways 

BBH rate will dominate, possibly by more than an order of magnitude, up to ~few/wk., at 
least ~few/mo. 

1-10 BNS, possibly up to ~1/mo. 

VT has strong mass dependence but very mild dependence on assumed spin distribution 

NSBH: N=0 not ruled out in any scenario, most give ~50% N>0
DCC: LIGO-G1800370 
	  

4
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The unexplored
C. Barbieri et. al: BHNS merger EM counterparts

Fig. 5. Accretion disc (left) and dynamical ejecta (right) masses in the MBH ��BH plane. We show two parameter sets: squares have constant spin
and different masses, circles have constant mass and different spins. These sets are used to produce the example light curves shown in Fig.6.

angles (0� dot-dashed lines, 30� filled lines, 60� dashed lines).
Panels c-d show the optical emission in the r-band (657 nm),
panels e-f the X-ray emission (1 KeV) and panels g-h the radio
emission (1.4 GHz). In panels g-h we also show the kilonova
radio remnant (dotted lines). In both cases, brighter emission
corresponds to lower BH mass/higher BH spin (more massive
ejecta).

Figure 6 shows that the light curves from BHNS show a high
degree of degeneracy, even if displaying time rises and decays
that are closely correlated with the dynamics of the BHNS de-
bris. For the sole EM multi-band light curve it is impossible to
infer the intrinsic parameters at the source, and in particular the
MBH,�BH degeneracy that emerges from the figure. But, the
concordant analysis from both the GW signal and EM light curve
may help to brake this degeneracy. The BH and NS masses, to-
gether with the luminosity distance dL can be inferred from the
GW signal. The identification of the host galaxy from the EM
counterpart provides the redshift of the source, thus narrowing
the uncertainties in the parameter estimation of MBH, MNS. Un-
der these conditions, the light curve carries precious information
on the BH spin, that can be inferred from the EM observation.

11. Test case: constraining the BH spin

Let us consider a BHNS merger with parameters, in the source
frame, MBH = 6M�, �BH = 0.8, MNS = 1.4M�, ⇤NS = 330.
These parameters correspond to a chirp mass Mc ⇡ 2.4M�. As
stated in section 3, we assume dL = 230 Mpc, ◆tilt = 0 rad and
✓view = 30

�. According to the fitting formulae described in §4,
upon merger this binary would produce 0.038M� of dynamical
ejecta and an accretion disc with a mass of 0.114M�. Likewise,
according to Eq. 29, the merger remnant would produce a jet
with a total kinetic energy EK,jet ⇠ 1.6 ⇥ 10

50
erg and an on-

axis isotropic-equivalent energy Eiso,on�axis ⇠ 6.4 ⇥ 10

51
erg

(assuming a 10% efficiency in kinetic-to-radiated energy con-
version). As can be seen from Fig. 4, a 30

� off-axis observer
would see this energy reduced by a factor ⇠ 10

�6, making the
prompt emission of this jet essentially undetectable at 230Mpc

with current facilities.

Furthermore, we expect the kilonova radio remnant and the
GRB afterglow (for this viewing angle) to peak ⇠ hundreds of
days after the merger (see Figure 6). Thus in this test case we
consider only the kilonova (visible from ⇠ hours to ⇠ tens of
days) as the EM counterpart to be employed in the analysis.

We consider two wavelengths: 657 nm (r-band, optical) and
2143 nm (K-band, infrared). We create the mock data points by
selecting evenly spaced times from 0.1 days to 30 days and as-
suming a constant error on magnitudes (0.2 mag for r-band and
0.3 mag for K-band). We impose limiting observation magni-
tudes of 28 for the r-band and 24 for the K-band. We then per-
form a Markov chain Monte Carlo (MCMC) analysis on our
mock data set to constrain the BH spin, adopting the emcee
sampler (Foreman-Mackey et al. 2013).

The free parameters in our MCMC are the BH mass MBH,
the BH spin �BH, the NS mass MNS and the NS dimension-
less quadrupolar tidal deformability ⇤NS. We assume a flat prior
on �BH in the [0, 0.99] interval and a log-flat prior on ⇤NS 2
[10, 104]. Since we want to simulate a multi-messenger anal-
ysis, we must also include (at least in a simplified form) the
information from the GW signal. We do this in a simple way
by assuming that the GW analysis yields a Gaussian posterior
on the chirp mass only. We convert such posterior into a two-
dimensional prior on the BH and NS masses for use in our EM
analysis, as computed in §12.

In Figure 7 we show the resulting marginalised posterior
distributions for the four parameters and the joint posterior dis-
tributions of parameter pairs. Blue lines and squares indicate the
original values from which the mock data have been produced.
Red lines show the priors.

We calculate the best-fitting parameter values following the
method described in Ghirlanda et al. (2019). The fit results are
presented in table 1 (left column).

In Fig. 9 we show the mock photometric data with errors and
the model light curves corresponding to the best-fit values.

The parameter estimates are consistent with the input ones,
demonstrating that the light curves encode information about the
progenitor binary, through their dependence on the ejecta prop-
erties. The residual bias in the best fit values is essentially due

Article number, page 9 of 14

Barbieri C., et al., 2019, arxiV:1903.04543

BH	  

NS	  

� =
|S|c
GM2
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Conclusions: the “tale” of three discoveries

Ø  BNS merger are progenitors of short GRBs.

Ø  GW+EM powerful to unveil progenitors and outflow structure, fundamental 
physics tests, cosmological inference etc. 

Ø  GW/GRB170817: did a relativistic narrow jet or a cocoon produce the (non-
thermal) long lived afterglow emission?
o  Multi-wavelength modeling of L(t) (10-240 days) cannot tell apart the 

two scenarios.
o  High resolution radio observations: 

o  [Polarization (<12% but geometry or B?)] 
o  Imaging: 

o  Size < 2.5 mas (95%) @ 204.7 days (EVN global VLBI)
o  Proper motion 2.7 mas @ 75-230 days (HAS)

Ø  At least 10% of BNS might produce a jet that breaks out of the polar ejecta. 
Ø  Jet structure due to interaction with merger ejecta.
Ø  Structured jets = universal properties (differences mostly due to viewing 

angle + relativistic dependent effects)  

Relativistic 
structured jet


