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The structure of jets in Gamma Ray Bursts

Outline:
1) Collimation in GRBs

2) Structure of GRB jets

3) Hunting for structure signatures

4) Perspectives

G. Ghirlanda



GRB recipe 

PROMPT 
EMISSION

AFTERGLOW

Successful jet = GRB
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1.Central engine 
2.Relativistic/collimated/powerful outflow 
3.Ambient medium
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Ingredient #2: relativistic & collimated 
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Relativistic:  
1) Compactness 

2) Proper motion and/or size expansion 

Collimated:  
1) Energy budget 

2) Afterglow jet break

How they look like depends on Intrinsic properties and orientation

Mooley+2018; GG+2019

τγγ,R ∼ Γ2β−2τγγ,NR Ejet ∼
Eγ,isoθ2

η

Berger 2014



Viweing angle effects
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Granot 2002
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Fig. 1.—B-band luminosity for models 1 (dashed lines) and 2 (solid lines)
for , , , , , ,v p 5! v p (0, 1, 2, 3, 5)v E p 80 n p 1 p p 2.5 e p 0.010 obs 0 52 0 B

and , where and are the fraction of the internal energy in thee p 0.1 e ee B e

magnetic field and electrons, respectively, and p is the power-law index of the
electron energy distribution. Note that model 1 is scaled down by a factor of
2.5 to help compare between the two models.

Fig. 2.—Light curves of model 3 for , ,v p 0.2 E p n p z p 1 p p0 52 0

, , , and Hz. The inset shows the same light142.5 e p 0.1 e p 0.01 n p 5# 10e B

curves for model 2, where the same traces correspond to the same viewing
angles .vobs

therefore, the dominant contribution to the emission is missing
until the time when . This problem is overcome byg ∼ 1/vobs
our next model.

2.2. Model 2: A Homogeneous Jet

This model is described in Kumar & Panaitescu (2000). The
Lorentz factor and energy per solid angle are considered in-
dependent of v within the jet aperture. The jet deceleration is
calculated from the mass and energy conservation equations,
and the jet expands laterally at the local sound speed. The
calculation of radiative losses includes synchrotron and inverse
Compton, and the synchrotron spectrum is taken to be a piece-
wise power law with the usual self-absorption, cooling, and
injection break frequencies, calculated from the cooled electron
distribution and magnetic field. The observed flux is obtained
by integrating the jet emission over the equal arrival time
surface.
The light curves of model 2 are shown with solid lines in

Figure 1. The flux density in the decaying stage (when the
entire jet is visible) increases slightly with vobs because, for a
given observer time, the emission received at larger vobs arises
at smaller radii, when the jet is intrinsically brighter. At a few
hundred days, the light curves begin to flatten owing to the
transition to the nonrelativistic regime.
The light curves for are very different from thosev ! vobs 0

of model 1 (and more realistic). Furthermore, the light curves
for are very similar to in this model. Sincev ≤ v v p 0obs 0 obs
the jet is homogeneous, the ratio of fluxes for andv ! vobs 0

is the ratio (1 ) of the areas within the jet opening1v p 0obs 2
that subtend an angle of 1/g around these directions.
We note that the light curves of model 1 for v /v pobs 0
are much closer to the light curves of model 2 for1, 2

, respectively, than to the model 2 light curvesv /v p 2, 3obs 0
for the same viewing angles, because the emission received at

is dominated by the region on the jet surface that isv 1 vobs 0
closest to the direction toward the observer. Therefore, model
1 becomes more accurate if is used in-v p max (0, v ! v )obs 0
stead of in equations (1) and (2).v p vobs
The main advantage of model 2 is that it provides more

realistic light curves with a very small computational effort,

making it convenient to use for data fitting (e.g., Panaitescu &
Kumar 2001). Its main drawback is the simplified treatment of
the dynamics, which leads to some differences relative to our
next model.

2.3. Model 3: Two-Dimensional Hydrodynamical Simulation

This model is described in Granot et al. (2001). The jet
dynamics is obtained with a two-dimensional hydrodynamical
simulation, with initial conditions of a wedge taken from the
spherical self-similar Blandford-McKee (1976) solution. The
afterglow light curves are calculated considering the emission
from all the shocked region, taking into account the relativistic
transformations of the radiation field, and the different photon
arrival times to the different observers.
Figure 2 shows the light curves of model 3, while the inset

provides the light curves of model 2 for the same set of pa-
rameters. In model 3, the peak of the light curves for v 1obs
is flatter compared to model 2 and occurs at a somewhatv0

later time. The rise before the peak is not as sharp as in models
1 or 2, since in model 3 there is some material at the sides of
the jet with a moderate Lorentz factor (Granot et al. 2001;
Piran & Granot 2001), whose emission dominates the observed
flux at early times for . The light curves forv 1 v v 1 vobs 0 obs 0
peak at a later time compared to model 2, and the flux during
the decay stage grows faster with , because in model 3 thevobs
curvature of the shock front is larger and the emission arises
within a shell of finite width, so that smaller radii contribute
to a given observer time. The light curves for models 2 and 3
are quantitatively similar for .v ! vobs 0
The main advantage of this model is a reliable and rigorous

treatment of the jet dynamics, which provides insight on the
behavior of the jet and the corresponding light curves. Its main
drawback is the long computational time it requires.

3. LINEAR POLARIZATION

While a spherical afterglow should exhibit little or no linear
polarization, as the polarizations from the different parts of the
afterglow image cancel out, a jetted afterglow breaks the circular
symmetry of the afterglow image for and may have av 1 0obs
polarization of !20% for (Ghisellini & Lazzati 1999;v ! vobs 0
Sari 1999). One might therefore expect an even larger polari-

Top hat or Uniform jet:  E, Γ |θjet

Strong depression of the observed luminosity (more prompt than 
afterglow) for slightly off axis observers

PROMPT EMISSION AFTERGLOW EMISSION



GRB diversity
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Uniform jet 
Top hat jet 

2017 Aug ! Many …

Strctured jet + cocoon
Uniform jet + cocoon

Structured cocoon 
… 

GRB diversity —> Intrinsic

Structured jet = Universality (only orientation matters)

(Lipunov et al. 2001) Rossi + 2002; Zhang+ 2002

Structured jet
Universal jet 

GRB diversity —> θv

Eγ ∼ Eisoθ2
jet = const

E ∝ θ−2

Frail 2001



Why structured jet is appealing 
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Lu et al . 2018
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Salafia+2015

E(θ, t) Γ(θ, t)

Eichler & Granot 2006But: Dissipation & Radiation

E(θ) Γ(θ)
PROMPT EMISSION AFTERGLOW EMISSION

Viewing angle effects: structured jet
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• Expected 

• Determines observable properties 

• It conveys information on otherwise unobservable phenomena (Jet-
launching mechanism, jet-star material interaction, central engine …)

dE′�

dΩ
(θ, t)

Γ(θ, t)

(Jet internal energy) 

Why do we care about jet structure? 

Jet structure definition
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We care about jet structure! 
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Non-relativistic transition —> Jet structure erase 

• Nature of the central engine  
• Energy extraction mechanism

Initial conditions

• Jet Head formation 
• Forward/reverse shock  
• Cocoon - jet confinement effect

Angular structure

• Jet-cocoon breakout - free expansion  
• First light (shock breakout emission)

Freezing of 
angular structure

• Prompt emission 
• Afterglow emission 

Salafia & Ghirlanda 2022, Galaxy special issue 

A Picassian view of a GRB



Adolescence
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Gottlieb et al. 2022 
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Hunting for structured jet signatures
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Salafia et al. 2015, Salafia & Ghirlanda 2022

PROMPT EMISSION

consistent with rather than constraining jet structure 



Hunting for structured jet signatures
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Pescalli et al. 2015, 2016; Salafia 2015; GG&Salvaterra 2022

LONG GRBs

 with  
Or Gaussian
θ−α α < − 4



Hunting for structured jet signatures
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Salafia & Ghirlanda 2022

SHORT GRBs

 with θ−α α < − 3



Hunting for structured jet signatures
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Mooley et al. 2018, D’Avanzo 2019, Ghirlanda et al. 2019

GRB 170817:

E ∝ θ−5.5

Γ ∝ θ−3.5



Hunting for structured jet signatures
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Beniamini et al. 2022

0.58 days

5.8 days 58 days 580 days



Hunting for structured jet signatures
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Duque et al 2022

Steep decay / plateau: S. 
Ascenzi talk follows



Conclusions

G. Ghirlanda - Trieste GRBV, Sept. 2022

1.Relativistic Jets in GRBs 

2.Jet ⇔ progenitor vestige interaction ⇰ Jet structure 

3.Structure ⇰ Unobservable GRB prop.
•Initial conditions
•CE duration/enegy 
•Vestige properties 

4. : 
•     luminosity function 

(Pescalli et al. 2015)
•  GW/GRB170817 

(e.g. Ghirlanda et al. 2019)
•GRMHD simulations 

(Gottlieb et al. 2022)

E(θ); Γ(θ) ∝ θ−α

α > 3

α > 3

Salafia & Ghirlanda, 2022, Galaxies, 10(5), 93
https://www.mdpi.com/2075-4434/10/5/93

HUNTING FOR JET STRUCTURE
Observable Constraining power Difficulty

Prompt emission
(spectrum, spectral energy 

correlations, etc)
Low Easy

Early Afterglow (photometry) High Med
Late Afterglow imaging High High

Polarization (prompt/afterglow) Low High
Populations Medium Easy

COMBINATION OF SEVERAL OBSERVABLES IN FEW GRBS AND/OR POPULATION STUDIES 

https://www.mdpi.com/2075-4434/10/5/93
https://www.mdpi.com/2075-4434/10/5/93


Thank you
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Fig. 2. Possible prompt emission of a GRB 170817A-like jet compared to archival SGRB data. The bottom and right-hand panels show respectively
the isotropic-equivalent energy Eiso(✓v) and the SED peak photon energy Ep(✓v) as functions of the viewing angle ✓v for the best fit jet structure
of Ghirlanda et al. (2019) (red solid lines), along with their uncertainty regions (1� – orange; 2� – yellow). In the top-left panel, the red solid line
shows the corresponding track and uncertainty regions on the (Eiso, Ep) plane. The plots are joint to ease the determination of the viewing angle
that corresponds to a given point on the (Eiso, Ep) track. The blue cross shows the observed properties of GRB 170817A, while black crosses
show the SGRBs from our sample (§4.1). The two green points represent two GRBs which are suspected to actually belong to the long GRB
(LGRB) class.

comparison sample seem to follow the curve that connects Eiso

and Ep as seen by observers at different viewing angles. This is
reminiscent of previous results (Salafia et al. 2015) that showed
that the Amati correlation (Amati et al. 2002) can be interpreted
as a viewing angle effect in the quasi-universal structured jet
scenario. The highest Eiso and Ep in the sample are about an
order of magnitude larger, but they are still consistent with the

one sigma uncertainty in the structure, and they can easily be
accommodated if some scatter in the quasi-universal structure
properties is allowed. The values of Eiso and Ep predicted by
our simple model for an observer at 15 – 20 degrees (i.e. the in-
ferred viewing angle of GRB 170817A – Ghirlanda et al. 2019;
Mooley et al. 2018), on the other hand, are not consistent with
the observations of GRB 170817A. In particular, the predicted

Article number, page 6 of 9

170817 as observed

• Gaussian structure (e.g. 
Hotokezaka+2018)

• Other parm. structure 
(Salafia+2019; Ioka & Nakamura 
2019)

✴Another component (e.g. 
cocoon - Nakar+2019; 
Kasliwal+2019; Gottlieb+2019)

Salafia, Ghirlanda, Ascenzi, Ghisellini 2019

Luminous short GRBs are fine 
with a structured jet 

(as predicted in Salafia+2015)

170817: 
• Ep marginally 
• Eiso too low


