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Abstract

The relativistic jets launched in gamma-ray bursts (GRBs) are thought to have an angular structure
as confirmed for GRB 170817A. The jet structure is crucially important to off-axis GRBs, since it largely
affects observed prompt emissions and afterglow light curves, whereas the actual jet structure of GRBs
remains an open issue. We propose a novel method to inversely reconstruct jet structure from off-axis
GRB afterglows. Remarkably, our method does not assume any functional form of jet structure, which is
sharply contrast to the previous methods that fix the jet structure to a specific form. In our method, a jet
structure is uniquely obtained for a rising part of a given afterglow and a given parameter set by integrating
an ordinary differential equation, which is formulated based on the standard theory of GRB afterglows.
Applying the method to GRB 170817A, we discover that a hollow-cone jet structure is consistent with the
observed afterglow within errors, as well as Gaussian and power-law jets, which implies the Blandford-
Znajek mechanism or a jet-ejecta interaction for example. Future off-axis events and our method will help
understanding the formation and propagation processes of GRB jets.
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1. Introduction

The formation process of relativistic jets is a mystery in
astrophysics, while it is thought to be launched from a
system of a compact object, black hole or neutron star,
and an accretion disk. The propagation process of jets is
also not fully understood, where a launched jet will prop-
agate into a collapsing star in the case of long gamma-
ray bursts (GRBs) or into a merger ejecta in short GRBs
(Nagakura et al. 2014; Hamidani et al. 2019) before the
shock breakout. The detail of such processes would be
reflected in the jet structure.

The idea that GRB jets have a non-uniform struc-
ture has been intensively focused after the detection of
GRB 170817A and its afterglow, which followed the first
detection of gravitational wave signals from merging bi-
nary neutron stars, GW170817. The slowly rising after-
glow is not explained by a simple uniform jet (Mooley et
al. 2018a) but by a structured jet viewed from off-axis
(Lazzati et al. 2018; Margutti et al. 2018; Ghirlanda et
al. 2019; Troja et al. 2019). A successful launch of a rel-
ativistic jet is strongly supported by the rapid decline of
the afterglow after the peak (Mooley et al. 2018c; Lamb
et al. 2019) and the superluminal motion of the compact
radio source (Mooley et al. 2018b). The previous studies
infer the jet structure by giving a functional form, either
a Gaussian (Lyman et al. 2018; Resmi et al. 2018; Troja

et al. 2019; Lamb et al. 2019) or a power-law function
(D’Avanzo et al. 2018; Ghirlanda et al. 2019), with free
parameters that are adjusted by fitting the synthesized
light curves to the observed date. This kind of method a
priori limits the jet structure, whereas it is not obvious
that GRB jets have a Gaussian or a power-law structure.

Recently, we developed a new method that inversely
reconstructs a jet structure from a given afterglow light
curve of off-axis GRBs. Our method does not assume
any functional form but obtains a functional form itself,
which is sharply contrast to the previous methods. The
inversion formula is an ordinary differential equation de-
rived from the standard model of GRB afterglows and
uniquely gives a jet structure for given light curve and
parameter set. In this proceeding, we briefly review our
method and results presented in the talk, while readers
interested in our work can refer Takahashi & Ioka (2019),
(TI19, hereafter) for the details.

2. Method

The afterglow light curve in GRB 170817A can be ex-
plained by the synchrotron emission from electrons ac-
celerated at the forward shock. The key fact in off-axis
GRBs for our method is that the emitting site of syn-
chrotron radiation gradually shifts from the jet edge side
toward the jet axis for an off-axis observer. This is caused



by relativistic beaming effects: the emission around the
jet axis is debeamed from the observer in early time
whereas it comes to the observer as the shock is deceler-
ated by sweeping up the interstellar matter. That is, the
evolution of afterglow light curves reflect the change of
the jet structure from the outer region to the region close
to the jet axis. Hence, the jet structure can be obtained
from a given afterglow light curve in principle. We here
give only a brief sketch of our method at the sacrifice of
details.

We assume that an axi-symmetric jet adiabatically
propagates into a uniform interstellar medium with a
constant number density n0. The jet has an angle-
dependent energy distribution, E(θ), where E is the
isotropic equivalent energy and θ is the polar angle mea-
sured form the jet axis. Each jet segment expands spher-
ically as if it were a portion of a spherically symmetric
blast wave with the same isotropic equivalent energy.
This is a reasonable assumption unless the relativistic
jet is decelerated sufficiently below a local sound speed
and the interaction between jet segments becomes im-
portant. Then, a self-similar solution of Blandford &
McKee (1976) describes the shock dynamics of each jet
segment in the deceleration phase, which would be rele-
vant for the afterglow phase.
The synchrotron emissivity ϵ′ν′ in the fluid rest frame is

calculated at each position by using the standard formula
by Sari et al. (1998) for given shock dynamics, which
gives β and Γ, and model parameters: n0, εB, εe, and
p. Here, β is the speed of the shocked fluid normalized
by the speed of light and Γ is the Lorentz factor; εB and
εe are the energy conversion efficiency from the shocked
matter to the magnetic field and non-thermal electrons,
respectively; p is the spectral index of the energy distri-
bution of the accelerated non-thermal electrons.

The observed synchrotron flux Fν(T ) at an observer
time T is obtained by integrating the photons that reach
the observer at T . With the relativistic thin-shell shock
approximation, the observed flux is given by (van Eerten
et al. 2010)

Fν(T ) =

∫ θj

0

dθK(T, θ, E(θ)), (1)

where θj is the jet truncation angle. The function K is
defined by

4πD2K(T, θ, E(θ))

=

∫ 2π

0

dϕ
sin θR3ϵ′ν′

12Γ4(1− βshµ)(1− βµ)2

∣∣∣∣
t=T+µR/c

. (2)

In the above equation, D is the luminosity distance to
the source, ϕ the azimuthal angle around the jet axis, R

the shock radius, βsh the normalized shock speed, and
µ = sin θ sin θv cosϕ+ cos θ cos θv. Note that K depends
on E(θ) through the shock dynamical quantities, β, βsh,
Γ, and R, and also through ϵ′ν′ .
As stated earlier, the emitting region gradually shifts

form the edge side to the jet axis as time passes in the
case of off-axis GRBs (See figure 2 in TI19). That is, only
a limited region contributes to the observed flux for each
observer time. Hence, we can safely introduce an inner
cut-off angle Θ(T ) that approximates the calculation of
the observed flux as

Fν(T ) ∼
∫ θj

Θ(T )

dθK(T, θ, E(θ)). (3)

We find the cut-off angle is given by

Θ(T ) = θv − 28

[
πn0mpc

5

17(1 + 8 · 72)3

]1/8
E−1/8(Θ)T 3/8, (4)

where θv is the viewing angle measured from the jet axis.
Equation (4) gives

dΘ

dT
= −3(θv −Θ)

8T

(
1− θv −Θ

8

d lnE

dΘ

)−1

. (5)

By differentiating Equation (3) with respect to T and
using Equation (5), we obtain the following inversion for-
mula:

d lnE

dΘ
=

8

θv −Θ
− 3K(T,Θ, E(Θ))

Fν(T )

[
d logFν

d log T
(T )

− T

Fν(T )

∫ θj

Θ

dθ
dK

dT
(T, θ, E(θ))

]−1

. (6)

The above equation is an ordinary differential equation of
E(θ) and is uniquely solved once a boundary condition,
an afterglow light curve, i.e., the evolution of Fν(T ), and
model parameters (n0, εB, εe, p, θj, θv and D) are given.
Note here that T is related to Θ by Equation (4). As
a boundary condition, we should specify a jet structure
of the edge part, E(θ) for θj ≤ θ ≤ Θ0, where Θ0 is
the initial cut-off angle corresponding to a given initial
time T0. The jet structure of the edge part is constrained
by the initial flux Fν(T0) and its derivative dFν/dT (T0)
(See section 2.2.3 in TI19). We numerically integrate
Equation (6) from Θ0 to Θ = 0 (the jet axis) by using
the fourth order Runge-Kutta method.



Fig. 1. Hollow-cone jet obtained by the inverse reconstruction from

a light curve with a power-law rising slope that is consistent with

the radio afterglow of GRB 170817A.

3. Results

Applying our method to the afterglow of GRB 170817A,
we find that a so-called hollow-cone jet is also consistent
with the observation, as well as Gaussian or power-law
jets, as follows.

To integrate Equation (6), we fit the observed radio
(5.5 GHz) data points by a single power law given by

Fν(T ) = 5.45 µJy

(
T

9 days

)1.22

, (7)

which roughly connects the rising slope of the radio
data. We choose the initial time as T0 = 9 days. The
model parameters are given by log(n0/cm

−3) = −3.01,
log εB = −3.56, log εe = −1.39, p = 2.17, θv = 0.387,
θj = 0.61, and D = 41 Mpc. As a boundary condi-
tion, we give a Gaussian jet structure for the jet edge
part, which is specified by Fν(T0) = 5.45 µJy and
d logFν/d log T (T0) = 1.22 as

E(θ) = 1052.8 erg

(
− θ2

2 · 0.05932

)
(θj ≤ θ ≤ Θ0). (8)

The initial cut-off angle is given by Equation (4) as Θ0 =
0.151.

The integrated result is shown in Figure 1. The ma-
genta line shows the inversely reconstructed jet struc-
ture while the green one shows the jet edge part given
by Equation (8). Interestingly, the jet energy at the jet
axis is lower than that around the axis as E(θ) peaks
θ ∼ 0.08. Compared to the Gaussian jet in Troja et al.

(2019) (black dashed line), for example, the jet energy at
the axis is about one order of magnitude smaller. While
the inversion uses a portion of the rising light curve in
9 ≤ T/day ≤ 39.7, this jet structure produces a radio
light curve that is consistent with the overall observa-
tions for T ≤ 400 days. It is also consistent with the
observations in optical and X-ray bands (See the right
panel of figure 8 in TI19).

4. Conclusions

We discover a hollow-cone jet as a possible candidate
for the jet of GRB 170817A, while Gaussian and power-
law jets are also possible. Hollow-cone jets may be
produced via the Blandford-Znajek mechanism with the
zero Poynting flux at the jet axis (Blandford & Znajek
1977; McKinney 2006; Tchekhovskoy et al. 2008). Or
some jet-ejecta interactions may produce this kind of jet
(Zhang et al. 2003; Mizuta & Ioka 2013). Our method
can be in principle applied to other off-axis GRBs. Ap-
plying our method to future observations will help un-
derstanding the GRB jet structure and the formation
and propagation processes.
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