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>1973
Short flashes of keV photons

PROMPT 

>1997
Accompained by emission at lower frequencies

AFTERGLOW 
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(e.g. Piran 2004, RMP)

Prompt
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duration !" central engine activity
Relativistic jets

Progenitor NS-NS(BH) (1) Single M>> (some)

Energy 1049-53 erg 1048-54 erg

Spectra Harder Softer

Afterglow Fainter 
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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
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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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Structure of GRB jets: intrinsic versus apparent 3
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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. 2015

1
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1 Clues on short GRB progenitors
G. Ghirlanda et al.: Short GRBs: gravitational waves

allowed by the uncorrelated luminosity function, peak energy
distribution, and duration distribution.

6.2. Redshift distribution

Figure 4 shows a comparison of our predicted redshift distri-
butions (case (a): red solid line; case (c): orange triple dot-
dashed line; mean values adopted) with the following redshift
distributions:

– the convolution of the Madau & Dickinson (2014, hereafter
MD14) star formation history (SFH) with the delay time dis-
tribution P(⌧) / ⌧�1 with ⌧ > 20 Myr, grey dashed line (the
normalization is arbitrary);

– the redshift distribution of NS�NS mergers as predicted by
Dominik et al. (2013) (we refer to the standard binary evolu-
tion case in the paper) based on sophisticated binary popula-
tion synthesis, assuming two di↵erent metallicity evolution
scenarios: high-end (pink solid line) and low-end (pink dot-
ted line);

– the SGRB redshift distribution found by D14, which is ob-
tained convolving the SFH by Hopkins & Beacom (2006)
with a delay time distribution P(⌧) / ⌧�1.5 with ⌧ > 20 Myr,
blue dashed line;

– the SGRB redshift distribution found by WP15, which
is obtained convolving an SFH based on Planck results
(“extended halo model” in Planck Collaboration XXX
2014) with a lognormal delay time distribution P(⌧) /
exp

h

� (ln ⌧ � ln ⌧0)2 /
⇣

2�2
⌘i

with ⌧0 = 2.9 Gyr and � < 0.2
(we used � = 0.1), cyan dot-dashed line.

The redshift distribution by D14 peaks between z ⇠ 2 and
z ⇠ 2.5, i.e. at a higher redshift than the MD14 SFH (which
peaks at z ⇠ 1.9). This is due to the short delay implied by the de-
lay time distribution assumed in D14, and because the Hopkins
& Beacom (2006) SFH peaks at higher redshift than the MD14
SFH. On the other hand, the redshift distribution by WP15 peaks
at very low redshift (⇠0.8) and predicts essentially no SGRBs
with redshift z & 2 because of the extremely large delay implied
by their delay time distribution.

Assuming the MD14 SFH (which is the most recent SFH
available) to be representative, our result in case (a) seems to
be compatible with the P(⌧) / ⌧�1 delay time distribution (grey
dashed line), theoretically favoured for compact binary mergers.
In case (c), on the other hand, the redshift distribution we find
seems to be indicative of a slightly smaller average delay with
respect to case (a). Since the cosmic SFH is still subject to some
uncertainty, and since the errors on our parameters (p1, zp, p2)
are rather large, no strong conclusion about the details of the
delay time distribution can be drawn.

6.3. E
p

– L
iso

and E
p

– E
iso

correlations

Our approach allowed us, in cases (a) and (b), to derive the
slope and normalization of the intrinsic Ep � Liso and Ep � Eiso
correlations of SGRBs. For the Ep�Eiso and Ep�Liso correlations
of SGRBs, Tsutsui et al. (2013) finds slope values of 0.63± 0.05
and 0.63 ± 0.12, respectively. Although our mean values for mY
and mA (Table 1) are slightly steeper, the 68% confidence in-
tervals reported in Table 1 are consistent with those reported by
Tsutsui et al. (2013). In order to limit the free parameter space,
we assumed a fixed scatter for the correlations and a fixed nor-
malization centre for both (see Eqs. (14) and (15)). This latter

Fig. 4. Comparison between various predicted SGRB redshift distri-
butions. The grey dashed line represents the convolution of the MD14
cosmic SFH with a delay time distribution P(⌧) / ⌧�1 with ⌧ > 20 Myr
(the normalization is arbitrary). The pink solid line (pink dotted line)
represents the redshift distribution of NS�NS binary mergers predicted
by Dominik et al. (2013) in their high end (low end) metallicity evolu-
tion scenario (standard binary evolution model). The blue dashed line
and cyan dot-dashed line are the SGRB redshift distributions according
to D14 and to WP15, respectively. The red solid line is our result in
case (a), while the orange triple dot-dashed line is our result in case (c).
In both cases we used the mean parameter values as listed in Table 1.

choice, for instance, introduces the small residual correlation be-
tween the slope and normalization of the Ep�Liso parameters (as
shown in Fig. 3).

Inspection of Fig. 3 reveals another correlation in the MCMC
chain between the normalizations qY and qA of the Ep � Liso and
Ep � Eiso correlations, which is expected because the ratio of the
two normalizations is linked to the duration of the burst. Indeed,
Eqs. (15) and (14) yield

qY � qA = log
 

EmA

LmY

!

+ 52mY � 51mA. (18)

Since mA and mY are close, the argument of the logarithm is
⇠E/L / T , and since there is a typical duration, this induces
an approximately linear correlation between qA and qY, which is
what we find.

7. Local SGRB rate

The local rate of SGRBs is particularly important for the possible
connection with gravitational wave events to be detected by the
advanced interferometers (Advanced LIGO � Aasi et al. 2015;
Abbott et al. 2016a; Advanced Virgo � Acernese et al. 2015).

The first such detection, named GW150914, has been inter-
preted according to general relativity as the space-time pertur-
bation produced by the merger of two black holes (with masses
M1 ⇠ 29 M� and M2 ⇠ 36 M�) at a distance of ⇠410 Mpc
(z = 0.09). The full analysis of the aLIGO first run cycle revealed
a second binary black hole merger event, GW151226 (Abbott
et al. 2016b). In this case the involved masses are smaller (M1 ⇠
14.2 M� and M2 ⇠ 7.5 M�) and the associated distance is only
slightly larger (⇠440 Mpc)12.

12 A third event, LVT151012, was reported in Abbott et al. (2016b) but
with a small associated significance implying an ⇠87% probability of
being of astrophysical origin.

A84, page 9 of 13

AA52CH02-Berger ARI 30 July 2014 6:55

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

8

7

6

5

4

3

2

1

0

–1
05

07
09

08
09

05
A

05
05

09
B

07
07

24
A

07
12

27

05
12

21
A

13
06

03
B

Short GRBs
Long GRB−SNe
060505/060614
Type Ib/c SNe

Redshift

M
ag

ni
tu

de
s f

ai
nt

er
 th

an
 S

N
 1

99
8b

w

−1.5 −1 −0.5 0 0.5
0

0.1

0.2

Figure 2
Limits on supernovae (SNe) associated with short GRBs ( filled triangles) relative to the peak absolute
magnitude of the canonical long GRB-SN 1998bw. Also shown are the distribution of SN peak magnitudes
for long GRBs ( filled circles; hatched region marks the median and standard deviation for the population;
Hjorth & Bloom 2012), local Type Ib/c SNe (histogram; Drout et al. 2011), and two unusual long GRBs that
lacked associated SNe (open triangles; 060505 and 060614; Della Valle et al. 2006, Fynbo et al. 2006,
Gal-Yam et al. 2006, Gehrels et al. 2006). The latter may represent a long duration or extended emission tail
of the short GRB population. With the exception of GRB 050509B, all short bursts with limits on associated
SNe occurred in star-forming galaxies, indicating that despite the overall star-formation activity, the short
GRB progenitors were not massive stars. The inset shows the overall duration distribution of the short
GRBs considered in this review (histogram); the durations of the 7 short GRBs with SN limits are marked by
arrows. The dotted vertical line marks the claimed duration separating Swift noncollapsar and collapsar
progenitors according to the analysis by Bromberg et al. (2013), and yet three of the short GRBs lacking SN
associations have longer durations.

coincident hosts (GRBs 050724A and 100117A; Berger et al. 2005b, Fong et al. 2011), two addi-
tional cases with subarcsecond afterglow positions and likely elliptical hosts with large projected
offsets (GRBs 070809 and 090515; Berger 2010), and four additional likely cases (probabilities of
about 1–5%) based on Swift/XRT positions alone (GRBs 050509B, 060502B, 070729, 100625A)
(Gehrels et al. 2005; Bloom et al. 2006, 2007; Fong et al. 2013). Overall, about 20% of short
GRBs are associated with early-type host galaxies (Fong et al. 2013). In nearly all cases, the iden-
tification of the hosts as early-type galaxies is based on spectroscopic observations that reveal no
star-formation activity (to !0.1 M⊙ year−1), optical/near-IR spectral energy distributions that are
matched by a single stellar population with an age of "1 Gyr, and/or morphological information
based on HST observations. I explore the host-galaxy demographics distribution, and its impli-
cations for the progenitor population, in the next section, but it is clear from the occurrence of at
least some short GRBs in elliptical galaxies that the progenitors belong to an old stellar population.

6. SHORT GAMMA-RAY BURST GALAXY-SCALE ENVIRONMENTS
Having established that the progenitors of short GRBs are generally distinct from those of long
GRBs on the basis of the lack of SN associations and their occurrence in elliptical galaxies, I now
turn to the question of what the progenitors are and what we can infer about their nature from the

www.annualreviews.org • Short-Duration Gamma-Ray Bursts 61
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Figure 5
Demographics of the galaxies hosting short GRBs. (a) A breakdown into late type (blue), early type (orange), host-less ( green), and
inconclusive ( yellow) for all identified hosts based on subarcsecond positions and Swift/XRT positions (Table 2). (b) Same as panel a,
but with the host-less events assigned to the other categories based on the galaxies with the lowest probability of chance coincidence in
each case (Berger 2010, Fong & Berger 2013). (c) Same as panel b, but for short GRBs with a probability of a noncollapsar origin of
PNC ! 0.9 on the basis of analysis by Bromberg et al. (2013). Regardless of the sample selection, late-type galaxies dominate the host
sample. This indicates that star-formation activity plays a role in the short GRB rate. Adapted from Fong et al. (2013).

expected U/LIRG fraction for a progenitor population that tracks stellar mass alone is ∼1%
(Caputi et al. 2006), whereas for progenitors that track only star formation it is ∼25% (Le Floc’h
et al. 2005, Caputi et al. 2007). The observed fraction in the short GRB sample is ∼5–10% percent,
suggesting that the progenitor population is influenced by both stellar mass and star-formation
activity and indicating a broad age distribution.

6.3. Stellar Masses and Stellar Population Ages
The distribution of host-galaxy stellar masses and stellar population ages can also shed light on the
progenitor age distribution. The stellar masses inferred from modeling of the host optical/near-
IR spectral energy distributions with single stellar population models span M ∗ ≈ 108.5−11.8 M⊙.
The median for the full sample is ⟨M ∗⟩ ≈ 1010.0 M⊙, whereas for the star-forming hosts alone it
is ⟨M ∗⟩ ≈ 109.7 M⊙ (Figure 6; Leibler & Berger 2010). The stellar masses of long GRB hosts
are substantially lower, having a median value of about 109.2 M⊙ (Savaglio, Glazebrook & Le
Borgne 2009; Leibler & Berger 2010). This indicates that even the star-forming hosts of short
GRBs are typically more massive than the hosts of long GRBs and points to stellar mass playing a
more dominant role in determining the rate of short GRBs.

A comparison with the mass function of field galaxies is even more illuminating. In Figure 6,
I compare the cumulative distributions of stellar masses for the early- and late-type hosts of short
GRBs with the expected distributions for mass selection from the field galaxy mass function (Bell
et al. 2003, Ilbert et al. 2010). For a progenitor population that tracks stellar mass alone, we
expect that the observed stellar mass distribution of short GRB hosts will closely track the mass-
weighted mass distribution of field galaxies. Although this is indeed the case for the early-type mass
function, the late-type hosts of short GRBs have systematically lower stellar masses than expected
from mass selection alone (Leibler & Berger 2010). This indicates that in late-type galaxies the
short GRB rate per unit stellar mass is higher than in early-type galaxies, owing to the presence
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Figure 2 Optical, near infrared (left axis) and X-ray (right axis) light curves of 

SGRB 130603B. Upper limits are 2σ and error bars 1σ. The optical data (gri bands) 

have been interpolated to the F606W band and the nIR data to the F160W band using an 

average spectral energy distribution at ≈0.6 days (see Supplementary Information). HST 

epoch 1 points are bold symbols. The optical afterglow decays steeply after the first 

≈0.3 days, and is modelled here as a smoothly broken power-law (dashed blue line). We 

note that the complete absence of late-time optical emission also places a limit on any 

separate 56Ni driven decay component. The 0.3–10 keV X-ray data29 are also consistent 

with breaking to a similarly steep decay (the dashed black line shows the optical light 

curve simply rescaled to match the X-ray points in this time frame), although the source 

dropped below Swift sensitivity by ~48 hr post-burst. The key conclusion from this plot 

Tanvir et al. 2013; Berger et al. 2013
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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 0.04o :( ) (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 3.2o( )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= o ´( ) erg, and the isotropic peak luminos-
ity, L 1.6 0.6 10iso

47= o ´( ) 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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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.  
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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 0.04o :( ) (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 3.2o( )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= o ´( ) erg, and the isotropic peak luminos-
ity, L 1.6 0.6 10iso

47= o ´( ) 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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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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Gamma Ray Bursts " relativistic structured jets
If 170817 were a structured jet

L~1047 erg/s       (δ-3)

Afterglow appears when 
1

�(t)
⇠ ✓view
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GRB 170817 – Structured jet model

Shallow rise of the radio light curve

Delay GW-EM

Discrete"continous 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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Kasliwal+2018; Mooley+2018; 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 " relativistic structured jets
If 170817 were a structured jet

L~1047 erg/s       (intrinsically)

Afterglow appears " deceleration

GRB 170817 – choked jet model

Shallow rise of the radio light curve " energy injection

Delay GW-EM " transparency or dissipation

Discrete"continous 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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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 choked jet

Imaging

1)  apperent motion
2)  source size
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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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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
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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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Imaging

μ

< 2 mas

> 3 mas

3
Size constraints 
[GG et al. 2019]

Global VLBI observation 12-13 March (204.7 days) @ 5 GHz

Peak brightness 42 ± 8 μJy/beam

8 μJy/beam rms 

Groningen– 2019/03/26                                                                                                  G. Ghirlanda 



A

D E

B C

 23°22'53.38"

53.39"

53.40"

D
EC

Real source image
Successful jet 
simulated image + real noise

13h09m48.0695s 48.0690s 48.0685s 48.0680s 48.0675s

 23°22'53.38"

53.39"

53.40"

RA

D
EC

Choked jet cocoon ( c = 30 ) 
simulated image + real noise

48.0690s 48.0685s 48.0680s 48.0675s
RA

Choked jet cocoon ( c = 45 ) 
simulated image + real noise

30

20

10

0

10

20

30

40

flu
x 

de
ns

ity
 [

Jy
/b

ea
m

]

3 2 1 0
RA [mas]

 2

 1

0

1

2

D
EC

 [m
as

]

 23°22'53.38"

53.39"

53.40"

D
EC

Real source image
Successful jet 
simulated image + real noise

13h09m48.0695s 48.0690s 48.0685s 48.0680s 48.0675s

 23°22'53.38"

53.39"

53.40"

RA

D
EC

Choked jet cocoon ( c = 30 ) 
simulated image + real noise

48.0690s 48.0685s 48.0680s 48.0675s
RA

Choked jet cocoon ( c = 45 ) 
simulated image + real noise

30

20

10

0

10

20

30

40

flu
x 

de
ns

ity
 [

Jy
/b

ea
m

]

3 2 1 0
RA [mas]

 2

 1

0

1

2

D
EC

 [m
as

]

+

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

Choked jet
(30 deg)

Choked jet
(45 deg)

Imaging
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Structured jet and rates
Structured jet model (universal structure) " 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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3 But what is the origin of the prompt emission?
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4 Matsumoto, Nakar & Piran
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Figure 1. Lower limits on the Lorentz factor derived from the
compactness argument. The red solid, dashed, dash-dotted curves
correspond to limits imposed by the observed parameters of the
first time-bin of (Veres et al. 2018) for cases (i)-(iii), respectively.
For case (ii), we use θeγ = 0.08 rad (Mooley et al. 2018a). The
thin blue curve denotes the limit imposed by using the average
parameters (Goldstein et al. 2017) for case (i) only. The red and
blue shaded regions show the uncertainties resulting from the γ-
ray spectrum. For case (ii), the Lorentz factor has another lower
limit, Γ > θ−1

eγ (Eq. 5). One can see that for an on-axis observer
(A = 1) the minimal Lorentz factor is ∼ 5.

of the emitting region, θeγ. Following Mooley et al. (2018a),
we set θeγ = θj = 0.08 rad, as an approximate size of the
jet core in GW170817. We take the most conservative as-
sumption and set p = 0, which gives weaker lower limits
on Γ. We plot Γmin for the parameters given by Veres et al.
(2018) at the luminosity peak, which are the most constrain-
ing (E ′

p = 520 keV, αp = −0.6, L ′
γ,iso,47

= 2.0, and δt′
−1
= 0.64).

The effect of the uncertainty in the peak energy and lumi-
nosity is shown as a shaded region, which is calculated for
case (i) using upper and lower boundaries that are given by
(E ′

p, L ′
γ,iso,47

) = (830 keV, 2.6) and (230 keV, 1.4), respectively.

For a comparison we draw a blue curve and the correspond-
ing shaded region that show the limits for case (i) as derived
by using the average observables (E ′

p = 185 keV, α = −0.6,
L ′
γ,iso,47

= 1.6, and δt′
−1
= 10). These values give, of course, a

less stringent limit.
The lower limit on the Lorentz factor yields an upper

limit on the angular distance between the observer and the
emitting region, θobs−θeγ < q/Γmin (see Eq. 5). Fig. 2 depicts
these limits. In all cases, the angular distance is constrained
by θobs−θeγ ! 0.1 rad for A " 10, while Mooley et al. (2018a)
find 0.25 rad < θobs < 0.5 rad (similar lower limits on θobs

were obtained earlier by examination of the GW signal by
Mandel 2018; Finstad et al. 2018). Case (ii), which requires
θobs − θeγ ≫ θeγ, is inconsistent with this result, implying
that if there are significant off-axis effects (i.e., A " 10)
then we must be in case (i), namely the emitting region is
closer to the observer than it is to the jet axis.

Fig. 2 also shows the properties of the sGRB that was
presumably emitted by the core of the jet, based on the con-
straints set by the VLBI observations (0.2 rad < θobs − θeγ <

0.4 rad and Eγ,iso ∼ Ek,iso " 1052 ergs, which corresponds

E’p=520 keV,α=-0.6

E’p=185 keV
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Figure 2. Maximal angular distance between the viewing angle
θobs and emitting region θeγ imposed by the compactness argu-
ment. The curves are depicted for the same parameters as in Fig.
1. The blue horizontal lines show the angular distance, given by
the VLBI analysis (Mooley et al. 2018a), between the observer
and the core of the jet and the value of A assuming that the core
produced a regular sGRB.

to A " 105). It is clearly evident that if GW170817 pro-
duced sGRB in the direction of the jet core, the γ-rays that
we observed are not this sGRB seen off-axis. In fact, Fig. 2
demonstrates that regardless of the value of A the origin of
the γ-rays we observed must be very far from the jet core.

Finally, A = 1 (and q = 1) corresponds to an on-axis
emission (namely θobs−θeγ < 1/Γ). Therefore plugging A = 1

into Eq. (8) provides an absolute lower limit on the Lorentz
factor of the γ-ray emitting region. Fig. 1 shows that when
considering the uncertainty in Ep (the lower edge of the red
shaded region in Fig. 1) that if the γ-ray emission was seen
on-axis then the emitting region Lorentz factor must be Γ "
5.

4 AFTERGLOW CONSTRAINTS ON THE
KINETIC ENERGY

The observed afterglow puts upper limits on the isotropic
equivalent kinetic energy carried by relativistic material at
regions with different angular distances from the observer,
i.e. Ek,iso(θ). The contribution to the afterglow flux from a
given region is brighter when its Ek,iso is larger. Similarly,
for a given value of Ek,iso, the emission from a region at
a smaller angular distance is brighter and it peaks earlier.
Therefore, Ek,iso(θ) is limited by the requirement that it does
not overproduce the observed afterglow flux. Since the out-
flow is expected to have both angular and radial structures,
for every region this constraint accounts only for material
with initial Lorentz factor that is large enough to contribute
to the forward shock at the time of the observations. We find
in §3 that the Lorentz factor of the γ-ray emitting region is
" 5. At the same time Mooley et al. (2018a) find that the
Lorentz factor of the shock driven by the core of the jet into
the circum-merger medium is ≈ 4 at the time that it starts
dominating the emission. Therefore, in the following analy-

MNRAS 000, 1–7 (2018)

VLBI:%
1) proper motion 
2) Size constraints

Matsumoto et al. 2018

The core cannot produce 
the gamma rays of the 
prompt phase

The prompt emission is due to the patch of the 
structured jet which is moving close to the line 
of sight.
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Conclusions

#  L1: BNS merger are progenitors of short GRBs. (and BHNS? " Talk: O. S. Salafia)

#  L2: close events, a lot of data … investigate the jet structure 

#  L3: GW/GRB170817: a relativistic jet with an angular distribution of energy/
velocity (structured jet) successfully broke out of the ejecta. 

#  L4: At least 10% of BNS might produce a jet that breaks out of the polar ejecta. 
Short GRB population (Talks: E. Howell, D. Paul, R. Duque)

#  L4: Jet structure due to interaction with merger ejecta.
Structured jets = universal properties (differences mostly due to viewing angle + 
relativistic dependent effects) 

 
#  L5: Prompt emission is produced by the patch of the jet near to the los (but 

spectrally hard)
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