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GRB170817: non-thermal components

Prompt Gamma Ray Burst

•  3-4 orders of magnitudes less luminous 
•  Afterglow: increasing with time rather than 

decreasing as standard GRBs 

Abbott et al. 2017

X—ray/Optical/Radio afterglow

Standard jet seen at large angles 
(aka off-axis standard jet)

BUT … rise is too shallow (t0.8)



Need/origin of structureIsotropic blast wave Off-axis structured jet 

Solve the probability issue

Account for the 
low luminosity

Shallow rise phase as t0.8+ radial structure + angular structure

Γ1 > Γ2 > Γ3

Ε1 > Ε2 > Ε3

Γ1 < Γ2 < Γ3

Ε1 > Ε2 > Ε3

Metzger 2017) and 1 1q( )Y0.25 0.5e for an extremely long-
lived MNS (Lippuner et al. 2017).

2.2. Ejecta Expansion and Radiative Model

We assume the ejecta to be axisymmetric around the
rotational axis of the remnant and symmetric with respect to
the equatorial plane. The polar angle θ is discretized in 12
equally spaced bins. Each mass ejection is characterized by (a)
its mass, mej, (b) its rms radial speed, vrms, and (c) its opacity, κ,
alongside with their angular distributions. For the mass, we
introduce a distribution q( )F such that
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For vrms, we assume q =( )v constrms . We assign the opacity
according to the value of Ye for the bulk of the ejecta. If Ye is
such that 2q( )Y 0.25e for q q< lim and 1q( )Y 0.25e for
q q> lim, then we set 2k q q k> = -( ) 10 cm glim max

2 1 and
1k q q k< = -( ) 1 cm glim min

2 1. Otherwise, if for all θ angles
Ye has a broad distribution across 0.25, we assign k q k=( ) avg

with 1 1k k kmin avg max.
Within each bin, we run the radial model of Grossman et al.

(2014) for each ejecta component. We further assume that the
energy emitted by the two innermost photospheres is
deposited at the basis of the outermost shell or inside its
radiating envelope and gets quickly reprocessed and emitted
by the outermost photosphere. The energy that powers the
MKN is expressed as �= DQ Menv nuc, where DMenv is the
mass of the radiating shell enclosed between the diffusion and
the free streaming photosphere, Rph. The nuclear heating rate,
�nuc, is approximated by an analytic fitting formula, derived
from detailed nucleosynthesis calculations (Korobkin et al.
2012):
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where s = 0.11 s, =t 1.3 s0 , and �th is the thermalization
efficiency (Table 1 and Equation (36) of Barnes et al. 2016).
Korobkin et al. 2012 found � = ´ - -1.2 10 erg g s0

18 1 1 using
the finite range droplet model (FRDM; Möller et al. 1995). Due
to the large uncertainties in the nuclear mass and decay models,
we consider �0 as a free parameter with 1´ - -2 10 erg s g18 1 1

� 1 ´ - -2 10 erg g s0
19 1 1 (e.g., Mendoza-Temis et al. 2015;

Rosswog et al. 2017). Detailed calculations of neutrino-driven
wind nucleosynthesis revealed the dominant presence of first
r-process peak nuclei with a decay half-life of a few hours
(Table 1 of Martin et al. 2015). The associated specific heating
rate showed that �nuc can significantly differ from the one of
extremely neutron-rich ejecta for 2Y 0.25e (Figure 13 of
Martin et al. 2015). Thus, we have introduced the factor �Ye

Table 1
Parameters for the Exploration of the Model and Parameters of the Best Fits to AT 2017gfo

Parameter Range BF BFc BF �c,

c2 L 759 1263 1448
Mdisk :[ ]M { }0.01; 0.08; 0.1; 0.12; 0.15; 0.2 0.08 0.1 0.12
mej,d

-
:[ ]M10 2 { }0.05; 0.5; 1.0; 2.0; 5.0 1.0 0.5 0.5

xw { }0.001; 0.05; 0.1; 0.15; 0.2 0.001 0.15 0.2
xs { }0.001; 0.1; 0.2; 0.3; 0.4 0.4 0.2 0.4
qlim,d p p{ }6; 4 p 4 p 6 p 6
qlim,w p p{ }6; 4 p 6 p 6 p 4

[ ]v crms,d { }0.1; 0.13; 0.17; 0.2; 0.23 0.2 0.23 0.2
[ ]v crms,w { }0.033; 0.05; 0.067 0.067 0.067 0.067
[ ]v crms,s { }0.017; 0.027; 0.033; 0.04 0.027 0.04 0.04

kd
-[ ]cm g 1 {( ) ( )}0.5, 30 ; 1, 30 (1, 30) (1, 30) (1, 30)

kw
-[ ]cm g 1 {( ) ( )}0.5, 5 ; 0.1, 1 (0.1, 1) (0.5, 5) (0.5, 5)

ks
-[ ]cm g 1 { }1; 5; 10; 30 1 5 5

qobs pn 36 for =n 0 ... 11 π/12 p5 36 p7 36
�o[ - - ]10 erg g s18 1 1 { }2; 6; 12; 16; 20 16 20 12

Note. BF: best-fit parameter set. BFc: best-fit parameter set once - :M M0.12disk , - :m M0.01ej,d , and .k -5.0 cm gs
2 1 are imposed. BF �c, : best fit when

� - ´ - -12 10 erg g s0
18 1 1 is also imposed.

Figure 2. Graphical sketch of the three ejecta components radially expanding
from the remnant. Different colors correspond to different matter opacity: high
(red), intermediate (orange), and low (blue).

3

The Astrophysical Journal Letters, 850:L37 (6pp), 2017 December 1 Perego, Radice, & Bernuzzi

Metzger2017)and11 q() Y 0.250.5 eforanextremelylong-
livedMNS(Lippuneretal.2017).

2.2.EjectaExpansionandRadiativeModel

Weassumetheejectatobeaxisymmetricaroundthe
rotationalaxisoftheremnantandsymmetricwithrespectto
theequatorialplane.Thepolarangleθisdiscretizedin12
equallyspacedbins.Eachmassejectionischaracterizedby(a)
itsmass,mej,(b)itsrmsradialspeed,vrms,and(c)itsopacity,κ,
alongsidewiththeirangulardistributions.Forthemass,we
introduceadistributionq() Fsuchthat
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Forvrms,weassumeq= () vconst rms.Weassigntheopacity
accordingtothevalueofYeforthebulkoftheejecta.IfYeis
suchthat2 q() Y0.25 eforqq <limand1 q() Y0.25 efor
qq >lim,thenweset2 kqqk >=- ()10cmg limmax

21and
1 kqqk <=- ()1cmg limmin

21.Otherwise,ifforallθangles
Yehasabroaddistributionacross0.25,weassignkqk = ()avg

with11 kkk minavgmax.
Withineachbin,weruntheradialmodelofGrossmanetal.
(2014)foreachejectacomponent.Wefurtherassumethatthe
energyemittedbythetwoinnermostphotospheresis
depositedatthebasisoftheoutermostshellorinsideits
radiatingenvelopeandgetsquicklyreprocessedandemitted
bytheoutermostphotosphere.Theenergythatpowersthe
MKNisexpressedas� =D QMenvnuc,whereDMenvisthe
massoftheradiatingshellenclosedbetweenthediffusionand
thefreestreamingphotosphere,Rph.Thenuclearheatingrate,
�nuc,isapproximatedbyananalyticfittingformula,derived
fromdetailednucleosynthesiscalculations(Korobkinetal.
2012):
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wheres=0.11s,= t1.3s 0,and�thisthethermalization
efficiency(Table1andEquation(36)ofBarnesetal.2016).
Korobkinetal.2012found�=´-- 1.210erggs 0

1811using
thefiniterangedropletmodel(FRDM;Mölleretal.1995).Due
tothelargeuncertaintiesinthenuclearmassanddecaymodels,
weconsider�0asafreeparameterwith1 ´-- 210ergsg 1811

�1´-- 210erggs 0
1911(e.g.,Mendoza-Temisetal.2015;

Rosswogetal.2017).Detailedcalculationsofneutrino-driven
windnucleosynthesisrevealedthedominantpresenceoffirst
r-processpeaknucleiwithadecayhalf-lifeofafewhours
(Table1ofMartinetal.2015).Theassociatedspecificheating
rateshowedthat�nuccansignificantlydifferfromtheoneof
extremelyneutron-richejectafor2 Y0.25 e(Figure13of
Martinetal.2015).Thus,wehaveintroducedthefactor�Ye

Table1
ParametersfortheExplorationoftheModelandParametersoftheBestFitstoAT2017gfo

ParameterRangeBFBFcBF� c,

c2L75912631448
Mdisk: [] M{} 0.01;0.08;0.1;0.12;0.15;0.20.080.10.12
mej,d

-
: [] M 102{} 0.05;0.5;1.0;2.0;5.01.00.50.5

xw{} 0.001;0.05;0.1;0.15;0.20.0010.150.2
xs{} 0.001;0.1;0.2;0.3;0.40.40.20.4
qlim,dpp {} 6;4p4p6p6
qlim,wpp {} 6;4p6p6p4

[] vc rms,d{} 0.1;0.13;0.17;0.2;0.230.20.230.2
[] vc rms,w{} 0.033;0.05;0.0670.0670.0670.067
[] vc rms,s{} 0.017;0.027;0.033;0.040.0270.040.04

kd
- [] cmg1{()()} 0.5,30;1,30(1,30)(1,30)(1,30)

kw
- [] cmg1{()()} 0.5,5;0.1,1(0.1,1)(0.5,5)(0.5,5)

ks
- [] cmg1{} 1;5;10;30155

qobsp n36for=n0...11π/12p536p736
�o[--] 10erggs 1811{} 2;6;12;16;20162012

Note.BF:best-fitparameterset.BFc:best-fitparametersetonce-: MM 0.12 disk,-: mM 0.01 ej,d,and. k- 5.0cmg s
21areimposed.BF� c,:bestfitwhen

�-´-- 1210erggs 0
1811isalsoimposed.

Figure2.Graphicalsketchofthethreeejectacomponentsradiallyexpanding
fromtheremnant.Differentcolorscorrespondtodifferentmatteropacity:high
(red),intermediate(orange),andlow(blue).
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Perego+2017Ejet < Eejecta

Choked jet 
(not sucessful) 

with some 
degree of 
anisotropy 

Structured Jet 
(sucessful) 

In both cases the radial or angular structure 
may be due to the interaction of the jet head 

with the merger ejecta 

Ejet < Eejecta
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D’Avanzo et al.: The X–ray evolution of GRB 170817A

Fig. 3. Left–hand panel: GRB 170817A afterglow light curves in radio at 3 GHz and 6 GHz (red and orange stars respectively, VLA observations
– data from Hallinan et al. 2017; Mooley et al. 2017), in the optical (green stars, HST/ACS observations in the F606W filter – data from Lyman
et al. 2018 and Margutti et al. 2018) and in the X–rays (blue stars: Chandra observations, data from Margutti et al. 2018; Troja et al. 2018b; light
blue circle: our XMM–Newton observation). Thick coloured solid lines represent our isotropic fireball model (corresponding to either the jet–less
scenario outlined in Salafia et al. 2017, or the choked jet scenario proposed by Mooley et al. 2017). The brown dashed lines represent our structured
jet model. The parameters of both models are reported in Table 1. Upper right–hand panel: the jet structure assumed in our model. The red line
represents the isotropic equivalent kinetic energy, while the blue line shows the Lorentz factor. Lower right–hand panel: the red line shows the
peak time of the isotropic outflow light curve as a function of the minimum velocity �min in the velocity profile. The dashed lines mark the value
we employed in the modeling.

at higher frequencies, hard and possibly inconclusive5. Besides
this, such a di↵erent geometry is expected to significantly a↵ect
the rate of burst similar to GRB 170817A observed in associa-
tion to GW events detected during the forthcoming LIGO/Virgo
observing runs (Ghirlanda et al., in prep.).
Acknowledgements. We thank Norbert Schartel and the XMM-Newton sta↵ for
approving, scheduling and carrying out these observations. We thank A. Possenti
for useful discussion. We acknowledge support from ASI grant I/004/11/3. MGB
acknowledges support of the OCEVU Labex (ANR-11-LABX-0060) and the
A*MIDEX project (ANR-11-IDEX-0001-02) funded by the “Investissements
d’Avenir” French government program managed by the ANR.
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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

Polarization

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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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.

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

Structured jet has larger displacement and smaller size than cocoon



Imaging
(I) Size constraint [Ghirlanda+2018 arXiv:18081.00469]

μ

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

12-13 March 2018 = 207.4 days @ 5 GHz (32 ant. but VLA)

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

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

Size = 2.5 mas 
Consistent with structured jet model 

8 μJy/beam rms 



Imaging
(I) Size constraint [Ghirlanda+2018 arXiv:18081.00469]
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Imaging
(II) apparent motion [Mooley+2018]

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

Figure 1: VLBI images. The cleaned images (natural weighting; 0.2 mas pixel�1) from the two

epochs of VLBI, 75 d (panel a) and 230 d (panel b) post-merger. The center coordinates for these

images are RA 13:09:48.069, Dec -23:22:53.39. The white contours are at 11, 22, and 44 µJy

beam�1 in both images (red contour is �11 µJy beam�1 ). The peak flux density of the sources is

58±5 µJy beam�1 and 48±6 µJy beam�1 in the two epochs respectively (image RMS noise quoted

as the 1� uncertainty). The ellipse on the lower left corner of each panel shows the synthesized

beam: [12.4, 2.2, -7] and [9.1, 3.2, -4] for the two epochs [major axis in mas, minor axis in mas,

position angle in degrees].

75 days230 days
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Rates and Luminosity
Structured jet model (universal structure) ! Luminosity function 
(Pescalli et al. 2015; Salafia et al. 2015)

BNS rate (Abbott+2017) 

NsGRB(GBM) =
⌦GBMTGBM

4⇡
⇢
0.SGRBVmax

� 1
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In at least 10% of BNS the jet succesfully breaks 
out of the merger ejecta

Consistency within the sGRB 
pop with a single structure



SKA: late non-thermal emission component 

Kilonova ejecta deceleration

Ejecta mass and velocity distribution  [Hotokezaka+2018, Kuici+2018]
External ISM density  
Shock microphysical parameters

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

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

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

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

5. Conclusions

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

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

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

optical/NIR data and modeling to place the first observation-
ally motivated constraints on the predicted radio emission from
the non-relativistic ejecta. Detection of this component allows
for an independent measurement of the ejecta properties and
the circumbinary density, but is more challenging than the
detection of the afterglow due to its longevity. For GW170817,
we predict emission from this component on a timescale of at
least a few years post-merger. The next generation of radio
telescopes will come online by the time the emission from
GW170817 and future LIGO/Virgo BNS merger events reach
their peak. In the upcoming era of high-sensitivity all-sky radio
surveys, radio emission from BNS mergers will become a
powerful piece of the EM toolkit in the new field of multi-
messenger GW–EM astronomy.
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SKA: revealing the parent population of cosmological GRBs
Ghirlanda+2014; 2015; Burlon, Ghirlanda et al. 2016

Revision of our MW predictions with: 
1)  One possible detection (Metzger et al. 2018)
2)  New population models 

•  different jet structures – Salafia et al. 2015, Pescalli et al. 2016 
•  different methods – MCMC (Ghirlanda+2016)

Ghirlanda!et!al.!
2014,!PASA!!

8 Ghirlanda et al.

Table 1 Detection rates of OA by future radio telescopes. For
each survey the observing frequency (col.2) and the 5σ sensitivity
limit (col.3) is reported. The rates (col.4) are derived from the flux
density distributions shown in Fig.??.

Telescope name ν Slim Rate
[GHz] [mJy] [deg−2 yr−1]

ASKAP 1.4 0.05 3× 10−3

MeerKAT/Ph1 1.4 0.009 10−1

MeerKAT/Ph2 8.4 0.006 3× 10−1

SKA/Ph1 1.4 0.001 6× 10−1

SKA/Ph2 1.4(8.4) 0.00015 1.5(2 × 10−1)
WSRT/AperTIF 1.4 0.05 3× 10−3

EVLA 8.4 0.005 3× 10−1

LOFAR 0.2 1.3 ...
MWA 0.2 1.1 ...
GMRT 0.6 0.1 10−5

GMRT 1.4 0.15 2× 10−4

Figure 5. Density contours (1,2 and 3σ as labelled) representing
the distribution of the flux (at 8.4GHz) of the OA population
versus the time when their light curve peaks. The 3σ upper limits
of the SNIb/c observed in the radio band by Soderberg et al. 2006
(green triangles) and by Bietenholz et al. 2013 (red triangles) are
shown.

Filled circles are the two detections at radio frequencies,
i.e. SN 2001em and SN 2003gk.

tectable as OAs). If SN Ib/c are GRBs oriented away
from the observer line of sight, they should be detected
at late times when the afterglow emission has deceler-
ated enough to encompass, with its beaming angle, the
observer viewing angle θview. Soderberg et al. (2006 -
S06) and Bietenholz et al. (2013 - B13) performed ra-
dio surveys of a sample of SN Ib/c, the putative pro-
genitors of long–duration GRBs. Since their combined
sample consists of 112 SN, according to the finding
of G13 we should expect that ∼0.34 SN Ib/c of their
sample can harbour a GRB jet, i.e. we would expect
no detection. They observed these SNæ at late times

(years after the explosion) at 8.4 GHz. S06 and B13 re-
port indeed upper limits on the late time radio flux of
the monitored sources with the exception of SN2001em
(see S06), and SN2003gk (see B13), which are in fact
detected. Nonetheless, further monitoring of these two
events in the radio band and through VLBI observa-
tions, excluded that they produced a relativistic jet.
We show in Fig.?? the upper limits on the 8.4 GHz
flux of the SN Ib/c observed by S06 and B13 which are
all consistent with the density contour of the distribu-
tion of the simulated population of OA. The 1, 2, and
3σ contours represent the boundary containing respec-
tively 68.2%, 95.4%, and 99.7% of the points distribu-
tion in the plane Fpeak – tpeak.

6 Summary and Discussion

Orphan afterglows are GRBs whose emission is de-
tectable only during the afterglow phase (at opti-
cal/NIR and radio frequencies). Their prompt γ–ray
emission is unobservable because the viewing angle θview
is larger than the jet opening angle θjet (off–axis GRBs).
In these events the afterglow emission becomes observ-
able when the bulk Lorentz factor, which is decreasing
during the afterglow phase, becomes Γ ∼ 1/θview. After
this time, which represents the peak of the OA light
curve, the emission is similar to that for an observer
within the jet opening angle.
OA make up a majority of the population of GRBs.

However, none have been observed so far, do to their
lack of a prompt emission trigger. Their detection is
possible as transients in deep/wide field surveys. How-
ever, so far no detection of OA has been confirmed by
searches in archival optical/radio observations. In cur-
rent and future surveys OA might represent a consider-
able fraction of detected transients.
In this paper we have used the results of a population

synthesis code for GRBs (G13) that simulates the en-
tire population of GRBs including off-axis events and is
anchored to reproduce some observational constraints
of the population of GRBs detected Fermi and CGRO
with particular emphasis on the constraints given by the
BAT6 complete Swift sample (Salvaterra et al. 2012).
We have explored the properties of the population

of off–axis GRBs (see Fig.?? - black symbols) in terms
of their radio emission. We have computed the radio
flux density of the OA population (representing ∼97%
of the entire GRB simulated population) at the time
when the OA light curve reaches its peak (Fig.??) which
is of the order of few years after the prompt trigger.
However, the lack of any prompt emission (i.e. γ–ray
trigger) in OA, requires to compute the timescale of
their duration which, given the typical rise/decay long–
term evolution of the afterglow flux, can be of the same
order of the peak time. This suggest that OA in the
radio band should be slow transients.
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Figure 2. Broadband afterglow spectra at three different epochs. The best
fit model consists of a standard forward shock in a wind environment (solid
line), and a blackbody component (dashed line). The best fit parameters are
Ek,iso = 1053 erg, A∗ = 3.6 × 10−3, ϵe = 0.16, ϵB = 0.33, p = 2.25. The light
curves in the 0.3–3 keV and 3–10 keV bands are presented in the inset.
(A color version of this figure is available in the online journal.)

progenitor (Vink et al. 2001; Kudritzki 2002). From the lack
of jet-break signature in the 3–10 keV light curve, we derive a
lower limit on the jet-break time tj ! 90 days, and a jet opening
angle θj ! 2 deg.

3.2. A Hot Cocoon

The luminosity, temperature, and apparent radius of the
blackbody component are plotted in Figure 3 as functions
of time. The luminosity declines as LBB ∝ t−0.9, while the
temperature exhibits a slower decreasing trend, T ∝ t−0.2.
The apparent radius is RBB ≈ 1011 cm, showing that, within
the uncertainties, the size of the emitting source remained
remarkably constant in spite of the large variation in luminosity.

Three main mechanisms can produce a thermal component
in GRBs, namely a shock break out, the jet photosphere, and
a hot cocoon. Shock breakouts are characterized by durations
≪10,000 s and peak X-ray luminosities from ≈1044 erg s−1 to
1046 erg s−1 (Ensman & Burrows 1992; Campana et al. 2006),
not consistent with the long timescale and large luminosity
observed in GRB 130925A.

Bright thermal emission from the fireball photosphere may
emerge during the prompt gamma-ray phase. This high-energy
photospheric component is associated to the optically thick
plasma of a relativistic jet, and decays in luminosity and
temperature as a power law in time (Ryde & Pe’er 2009). It may
still be detectable in the soft X-rays a few hundreds seconds
after the burst (Sparre & Starling 2012; Friis & Watson 2013)
and, in principle, can continue on much longer timescales if
the jet continues to be powered. Wong et al. (2014) showed
that for a BSG this can be indeed the case: the fall-back
of the external layers onto the central black hole yields an
accretion rate Ṁ ≈ 10 t−5/3 M⊙ yr−1, and a corresponding
jet luminosity Ljet ≈ 2 × 1049 η−1 t

−5/3
3 erg s−1. Here

η = 0.1η−1 is the mass to energy conversion efficiency, and t =
1000 t3s. The photospheric radius is rph = 5.8 1011Ljet,51Γ−3

2 cm

Figure 3. Parameters of the Black body component. Luminosity (a), temperature
(b) and radius of the emission region (c).
(A color version of this figure is available in the online journal.)

(Abramowicz et al. 1991; Pe’er et al. 2012), where Γ = 100 Γ2
is the jet Lorentz factor. Therefore, a photospheric emission
with constant rph ≈ 1011 cm requires Γ2 ≈ 0.5 η

1/3
−1 t

−5/9
3 from

a few hundreds seconds to 107 s. This fine coupling Γ ∝ L
1/3
jet

required to keep a constant photospheric radius seems somewhat
contrived, although it cannot be excluded (e.g., Fan et al. 2012)

Let us now discuss the association of the blackbody with
a hot plasma cocoon. The cocoon develops inside the star by
the interaction of the jet with the stellar layers, and eventually
breaks out at the stellar surface when the jet emerges (Lazzati
& Begelman 2005). Starling et al. (2012) have proposed that
the blackbody component found in a few GRBs during the
steep decay phase of the X-ray light curve can be associated,
at least in one event, to a relativistically expanding hot plasma
cocoon. This component is short-lived (<∼1,000 s) and its radius
is rapidly increasing with time. On the contrary, our observations
exhibit a long-lasting blackbody emission with a constant radius,
indicating that the cocoon does not expand. Thus, some process
must confine it as it emerges at the stellar surface. A promising
mechanism is magnetic confinement (Komissarov 1999). For
instance, the toroidal component of the magnetic field could
be advected into the inner part of the cocoon (Levinson &
Begelman 2013), suppressing the plasma expansion across the
magnetic field lines and confining it around the jet. In this
scenario, the transverse size of the cocoon when it emerges
at the stellar surface should be similar to the jet opening
angle, θc ≈ θj ≈ RBB/R∗, where R∗ is the radius of the
progenitor star. The limit on the jet opening angle derived
previously implies R∗ <∼ 3×1012 cm, consistent with the typical
radii of a BSG producing an accretion disk after the collapse
(Woosley & Heger 2012; Kashiyama et al. 2013). The energy
of the baryons entrained in the cocoon can be derived as
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Conclusions
"  GW/GRB170817: relativistic narrow jet or cocoon?

•  L(t) (10-240 days) cannot tell apart the two scenarios.
•  High resolution radio observations: 
#  Imaging: 

1.  Size < 3 mas (95%) @ 207.4 days (EVN global VLBI)
2.  Proper motion 2.7 mas @ 75-230 days (HSA)

"  10% of BNS: jet breaks out the merger ejecta. 
"  Jet (gaussian) universal structure due to interaction with merger ejecta

"  SKA (I) survey can detect the KN radio emission ! dynamic ejecta and 
progenitor origin  
•  Jet/KN ejecta interaction from BNS and BHNS (project within Prometeo 

group Unimib+Brera) 

"  SKA (II) can detect the Orphan GRB afterglow population 
•  On-going refinement of the population for Long and Short cosmological 

GRBs
"  SKA – Athena (III) synergies to unveil Pop-III GRB progenitors
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