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When a gamma-ray burst (GRB) occurs inside thick merger ejecta or deep within a star, the newly
created jets must drill their way through the confining media before breaking out and emitting
their energy. The interaction with the medium leads to the formation of a non-relativistic cocoon
around the jet and an interface separating the two components. Once the jet breaks out, the
interface material accelerates and forms a mildly relativistic sheath around the jet, which can
radiate over a wide range of angles. Recent studies have shown that the interface can hold a
substantial amount of energy, which can alter the observed light during the prompt and afterglow
phase, thus reveling information on both the jet and medium properties prior to the jet breakout.
In this work I will present a method to probe the jet structure and its interface by modeling the
afterglow light, focusing on its linear polarization. The temporal evolution of the polarization
signature is highly sensitive to the emission region geometry, and when modelled carefully, can
give robust observational features of jets with varying structures.
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1. Introduction

Gamma-ray bursts (GRBs) are extreme events placed at cosmological distances [1], identified
by 𝛾-ray pulses that can last fractions of a second to hundreds of them [2]. The energies released
in GRBs are associated with the formation of compact objects [3, 4] that can launch relativistic
jets following accretion combined with electromagnetic processes [5]. GRBs have two main
observational phases:

1. The prompt 𝛾-ray emission that occurs due to internal energy dissipation mechanisms within
the jet [6, 7].

2. When the relativistic jet interacts with the cold ambient medium, it drives a relativistic shock
into it. This shock accelerates charged particles to relativistic energies which allows them
to emit synchrotron radiation under the influence of shock-generated magnetic fields. The
multi-wavelength emission is named the afterglow [8, 9].

GRB jets can be launched within either stellar envelopes or merger ejecta and in order to break out,
they must drill through the medium that confines them. As the jets do so, they deposit energy into
the confining medium, forming an extended angular structure that proceeds to break out along with
the jet. When analysing these jet structures, seen in numerical simulations, an angular power-law jet
structure emerges with a highly relativistic core, followed by a mildly relativistic extended structure
that declines like a power-law in angle for both the Lorentz factor and energy [10, 11]. The GRB jet
cannot be probed observationally before it breaks out of the confining medium and therefore, the
only way to study the processes it underwent during this time is through understanding its structure.

GRB 221009A, dubbed as the brightest observed of all times (BOAT), was an extremely
energetic burst with intrinsic energies of 1054 − 1055 ergs [12–14] and prompt emission lasting
600 seconds [15]. Redshift measurements placed this GRB at 𝑧 = 0.151 [12, 16], producing a
luminosity distance of ∼ 720 Mpc [14]. The combination of these two parameters allowed detailed
observations of the multi-wavelength afterglow. The first 100 days of the afterglow light curves
seem to be devoid of a classical jet break during which the temporal power-law index of the light
curve dips below −2, indicating a very large jet opening angle according to the top-hat jet model
[14]. This poses an energy crisis for classical GRB progenitor models [17].

A solution to this problem is given by assuming the jet has a power-law structure, as seen in
simulations. This structure features a uniform energy and initial Lorentz factor within the jet core
𝜃 < 𝜃𝑐 and a declining power-law behaviour at angles 𝜃 > 𝜃𝑐 with 𝐸, Γ0 ∝ 𝜃−𝑎,−𝑏 respectively.
When the energy in the jet wings is comparable to the energy in the jet core, the structure is defined
as a "shallow jet" [11]. In the lower panel of Fig. 1, I present the light curve fits two groups produced
using configurations of the shallow jet model to the X-ray (blue) and optical (red) afterglow of GRB
221009A [14, 18]. However, using the light curve alone fit alone does not allow to discriminate
observationally between the structures.

2. Linear polarization in GRB afterglows

In this work I aim to construct a numerical tool that, when given an afterglow model and jet
structure, is able to produce multi-wavelength afterglow light curves and corresponding polarization
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Figure 1: Upper panel: Temporal evolution of the polarization degree for two suggested shallow jet structures
for GRB 221009A: [18] in solid lines and [14] in dash-dotted lines. The curves are computed in two bands:
X-ray (blue) and optical (red) where the upper limits on linear polarization [19] in both bands is presented
with triangles in corresponding colors. The structure of the magnetic field is taken to be random on the plane
of the emitting region. Both proposed models agree with the upper limits on polarization taken at 3.5 days in
both bands. Lower panel: X-ray (blue) and optical (red) light curves for two of the proposed models for the
structure of the jet of GRB 221009A: [18] in solid lines and [14] in dash-dotted lines. Both forward shock
models fit the observed data [14, 18].

curves from the forward shock. Since linear polarization is an observational quantity extremely
sensitive to system geometry, a correct interpretation of it can allow us to deduce the jet structure.
I start out by looking at two geometrical setups, set by the ratio between the viewing angle 𝜃obs and
the jet core opening angle 𝜃𝑐. For all the geometrical setups considered in this section, I assume
a purely random magnetic field structure, confined to the face of the shock, and a uniform initial
Lorentz factor distribution with 𝑏 = 0. The observed frequency in this section lies in the optical
regime with 𝜈obs = 1015 Hz.

2.1 On-axis jets (𝜃obs < 𝜃𝑐)

I start by exploring the polarization signatures from structured on-axis jets that are observed
from within their core opening angle with 𝜃obs < 𝜃𝑐. In this sub-section I focus on structures
featuring a sharp transition between the uniform jet core, that dominates the emission at all times,
and the power-law wings in order to emphasise the interplay between the two components. In Fig.
2, I set the viewing angle to be constant at a value of 𝜃obs = 0.7𝜃𝑐 and vary the jet structure from
top-hat jet (blue) to shallower structures in energy with 𝑎 ∈ {2, 1, 0.5} (red, purple and yellow
respectively). The temporal evolution of the polarization degree is presented in the upper plot and
the observed light curve can be seen in the lower plot. The polarization signature is similar for both
top-hat and shallow jet structures, with two polarization peaks at opposing signs which correspond
to perpendicular polarization vector inclinations. The first polarization peak occurs when parts of
the ring-shaped polarized emission from the uniform core weaken beyond it due to the power-law
jet extended structure (or disappears altogether for top-hat jets). This leads to cancellation of
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Figure 2: Observed polarization degree (upper panel) and flux (lower panel) as function of time for the
power-law jet model at observer frequency 𝜈obs = 1015 Hz with a flat distribution of initial Lorentz factor
(𝑏 = 0) and a random magnetic field structure, confined to the face of the shock. The various values of 𝑎
represent differing slopes for the power-law jet wings and the observer is located at 𝜃obs = 0.7𝜃𝑐. The signs
of the polarization degree represent opposing directions of it.

the horizontally polarized component and a consequent rise in the vertically polarized one (for a
visualisation of this effect, we refer the reader to [20, 21]). The direction of the polarization vector
rotates by 90◦ as the polarization degree crosses zero, when approximately half of the polarized
ring weakens beyond the jet core. The second polarization peak is associated with a jet break in the
light curve and occurs when the vertically polarized region disappears, leaving mostly horizontally
polarized emission. Structures containing more energy in their power-law wings (lower values of
𝑎) correspond to lower observed polarization degrees, as the setup is more symmetrical around
the line of sight. These predictions may describe observed polarization degrees of optical GRB
afterglows that mostly remain below 10% [22–24].

2.2 Off-axis jets (𝜃obs > 𝜃𝑐)

In this subsection I consider off-axis jets, observed from viewing angles lying outside of
their core opening angle with 𝜃obs > 𝜃𝑐. The power-law structure analysed in this sub-section
has a smooth transition between the uniform core and the power-law jet wings to allow a smooth
transition from the early time wing-dominated emission to the late time core-dominated emission.
In Fig. 3 the off-axis viewing angle is set to 𝜃obs = 5𝜃𝑐 while the jet structure varies between
top-hat jet (blue) and shallower structures in energy with 𝑎 ∈ {2, 1, 0.5} (red, purple and yellow
respectively). The direction of the polarization remains constant throughout the temporal evolution
of it (upper panel) due to symmetry considerations and the polarization degree features a single
peak that becomes lower with decreasing values of 𝑎. The polarization peak occurs at similar times
for all jet structures, associating it with the time the observer starts to see radiation from the jet
core. A slight break in the light curve can be seen around the same time the polarization curve
peaks, strengthening this conclusion (lower panel). Another way to lower the polarization degree
is by viewing the system from an angle closer to the jet symmetry axis. This idea is explored in
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Figure 3: Observed polarization degree (upper panel) and flux (lower panel) at observer frequency 𝜈obs =

1015𝐻𝑧 with a flat distribution of initial Lorentz factor (𝑏 = 0) and a random magnetic field structure confined
to the face of the shock. The direction of the polarization vector remains constant throughout the temporal
evolution. I set the viewing angle to be constant for an off-axis jet with 𝜃obs = 5𝜃𝑐 with varying values of 𝑎.
The polarization degree reduces with 𝑎 and its peak coincides with a break in the light curve.

Figure 4: Observed polarization degree (upper panel) and flux (lower panel) at observer frequency 𝜈obs =

1015𝐻𝑧 with a flat distribution of initial Lorentz factor (𝑏 = 0) and a random magnetic field structure confined
to the face of the shock. The direction of the polarization vector remains constant throughout the temporal
evolution. The structure of the jet is held constant with 𝑎 = 1 and the off-axis viewing angle is changed. As
the observer approaches the jet axis with reducing values of 𝜃obs, the polarization peak becomes lower and
occurs at earlier times.

5



P
o
S
(
H
E
P
R
O
V
I
I
I
)
0
2
1

Afterglow linear polarization signatures from shallow GRB jets Gal Birenbaum

Figure 5: 2D visualization of the maximal polarization degree for various combinations of 𝜃obs and 𝑎

produced with interpolation over the results in Figs. 2,3 and 4. The polarization peak becomes higher as the
the degree of asymmetry in the system increases.

Fig. 4 by setting a constant structure with 𝑎 = 1 and modeling the polarization and light curves for
different jet off-axis viewing angles. The peak polarization degree declines with the value of 𝜃obs

𝜃𝑐
,

marking polarization as a tracer for asymmetry in the physical system. The polarization peak time
also decreases with this ratio due to the angular proximity to the core that allows radiation from it
to reach the observer at earlier times.

Interpolation is applied to the peak polarization results presented in this section, within the
𝜃obs-𝑎 parameter space, in order to map out how the polarization changes when the geometry is
shifted. This is visualized in Fig. 5 where the x-axis stands for the normalized viewing angle
and the y-axis stands for the slope of the jet wing power-law in energy. The color bar marks the
peak polarization degree for each parameter combination. A rise in polarization is correlated with
geometrical asymmetry in the system which can be manifested through a large viewing angle (𝜃obs),
a steeper structure in energy within the jet wings (larger values of 𝑎) or both.

3. GRB 221009A

An upper limit of 13.8% (8.3%) was placed on the X-ray (optical) polarization at 3.5 days post-
burst for the afterglow of GRB 221009A [19]. After constructing a numerical tool that produces
polarization curves when given an afterglow model and a jet structure, it is employed on the shallow
jet models suggested for GRB 221009A by [14, 18]. In Fig. 1 I present the temporal evolution of
the linear polarization in the upper plot and the observed flux in the lower plot. The [18] model is
presented in solid lines and the [14] model is shown in dash-dotted lines. The X-ray band is shown
in blue and optical band is colored red. Triangles and circles stand for upper limits on the linear
polarization and observed flux respectively. The two suggested jet structures agree with the upper
limits placed at 3.5 days. In this case, linear polarization probably cannot distinguish between the
two suggested jet structures. However, at times < 1 day there is a noticeable difference in the
polarization curves of the two models while the light curves remain similar at those times. Had
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polarization been measured at earlier times in the X-ray band, the structure of the jet could have
been better constrained.

4. Conclusions

In this work I aim to construct a numerical tool that produces polarization and light curves
for different jet structures and afterglow models. While several jet models can reproduce the
same observed light curve, their polarization may give differing predictions. This makes linear
polarization a powerful observational quantity that can help uncover the processes the GRB jet
underwent before breaking out of its confining medium, which cannot be probed otherwise. Adding
energy to the jet structure beyond its core opening angle lowers the observed polarization degree
which may help explaining low observed polarization degrees in GRB optical afterglows. A
correlation between the polarization peak and break in the light curve is established for both on-
and off-axis jets and used to visualize polarization as a tracer of asymmetry in the physical system.
Finally, this tool is employed on the observed flux and polarization upper limits of GRB 221009A.
While the observed polarization at 3.5 days post-burst cannot distinguish between the two jet
structures explored in this work, a faster Imaging X-Ray Polarimetry Explorer (IXPE) response
time might have allowed to do so.
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