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In light of the most recent observations of late afterglows produced by the merger of compact
objects or by the core-collapse of massive dying stars, we research the evolution of the afterglow
produced by an off-axis top-hat jet and its interaction with a surrounding medium. The medium is
parametrized by a power law distribution of the form n(r) o r~is the stratification parameter and
contains the development when the surrounding density is constant (k = 0) or wind-like (k = 2).
We develop an analytical synchrotron forward-shock model when the outflow is viewed off-axis,
and it is decelerated by a stratified medium. Using the X-ray data points collected by a large
campaign of orbiting satellites and ground telescopes, we have managed to apply our model and fit
the X-ray spectrum of the GRB afterglow associated to SN 2020bvc with conventional parameters.
Our model predicts that its circumburst medium is parametrized by a power law with stratification
parameter k = 1.5
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1. Introduction

On February 4, 2020, SN 2020bvc was first detected by the All Sky Automated Survey for Su-
perNovae (ASAS-SN) survey. It was associated to the host galaxy UGC 09379, with a redshift of
7 = 0.025235 (D = 120 Mpc)[1]. A later report confirmed this association and redshift and based
on the blue featureless continuum and the absolute magnitude at the discovery of -18.1 classified
this event as a young core-collapse supernova [2].

Twelve days after its discovery, on February 16, the Very Large Array (VLA) observed the
position of SN 2020bvc and detected a point source with a flux density of 66 uJy in the X-band and
a luminosity of 1.3 x 10?7 ergs~'Hz! [3]. Such X-ray emission can be seen as another argument
in favor of the off-axis GRB scenario, as the radiation can be seen as the afterglow component of a
GRB.

Chevalier [4] explored how an adiabatic flow interacts in a circumstellar density profile of the
form n(r) o r=2 for Type II supernovae. Since then, such a power law has become standard and it
has been applied in subsequent publications for other sorts of supernovae, including those by [5],
[6], [7] and [8], amongst others. Nevertheless, in a more recent study by Moriya and Tominaga
[9], the authors demonstrated that the density slope of the surrounding dense wind can explain the
variety in the spectrum of Type II luminous supernovae. To this end, they put forward a wind density
power law distribution in the form n(r) o r=%, where k is known as the stratification parameter.
They discovered that the ratio of the diffusion timescale in the optically thick region of the wind and
the shock propagation timescale after the shock breakout is strongly influenced by the stratification
parameter, resulting in variations in the supernova’s spectral development.

In this proceedings, we base ourselves on external forward shocks to introduce an analytic
model for calculating the synchrotron emission from an off-axis jet, which is decelerated in an
arbitrary orientation with respect to the observer. We analyze the behaviour of our model and
compare it with the latest observations of the afterglow of SN2020bvc.

2. Theoretical Model

2.1 Relativistic Phase: Before the Jet Break

Once the outflow launched by the merger of NSs sweeps up enough cirumburst material, electrons
are cooled down by synchrotron radiation. We consider that the jet concentrated within an opening
angle 6; “top-hat jet" producing the afterglow emission is not aligned with the observer’s line of
sight and it differs by an angle A6.

Considering the adiabatic evolution of the forward shock [10, 11], the bulk Lorentz factor
evolves as

(1 +z)‘%f"*ﬁfxfaglAe-(k-ﬁé%z%, (1)

where E is the fiducial energy, £, denotes the fraction of electrons that were accelerated by the
shock front [12] and & ~ 1 is a parameter introduced when the Lorentz factor is approximated as a
power law in the radius [13], as is the case in this model. We also denote the redshift as z and the
density parameter as Aj from the stratification law n(r) = Azr=k.
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We assume an electron distribution described as dN /dy, « y,? for v, > v,,, where p is the
index of the electron distribution and y,, is the Lorentz factor of the lowest-energy electrons. Using
the bulk Lorentz factor (eq. 1), the evolution of the minimum and cooling electron Lorentz factors
YVm &< t'5" and v, respectively, and the comoving magnetic field B’ « t‘%, the synchrotron spectral
breaks and the maximum flux can be written as
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where where Y is the Compton parameter, D, is the luminosity distance, €, is the fraction of

the shock’s thermal energy density that is transmitted to the electrons and €p is the fraction turned
into magnetic energy density [14].

Using the synchrotron spectral breaks, the maximum flux (eqs. 2), the synchrotron light curves
in the fast- and slow-cooling regimes can be written as:
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It is worth noting that when k = 0, the observable quantities derived in [15] and the light curves
of the synchrotron forward-shock emission are recovered [e.g., see 16, 17].

2.2 Lateral expansion: After the jet break

During the lateral expansion phase, the beaming cone of the radiation emitted off-axis, A#@,
broaden increasingly until this cone reaches our field of view I'j ~ A#7' [18, 19]. Considering the
adiabatic evolution in this phase, the bulk Lorentz factor evolves as:

1
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Using the bulk Lorentz factor (eq. 5) and the synchrotron afterglow theory introduced in [20],
the synchrotron spectral breaks and the maximum flux evolve as:
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Using the observed synchrotron spectrum in the slow-cooling regime with eq. (6), the syn-
chrotron light curves in the slow-cooling regimes can be written as:

1 syn
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3. Results and discussion

In Figure 1 the light curves in the X-ray band (1 keV) are plotted. Different stratification
parameters were used; the purple curve corresponds to k = 0, the green one to k = 1, the blue
one to k = 1.5 and the yellow one to k = 2. The rising behavior of the flux is represented by the
relativistic phase, while the decrease is due to the lateral expansion. The Figure shows that the
behavior after the jet breaks is independent of the stratification of the medium, while an increase
of k in the relativistic phase leads to flatter profiles. The parameters used for this figure are:
E=10"erg, ep =102, 6 =107, p=2.6,,=1,6 =1,A0 = 15°,0; = 5° and D, = 26.5 Mpc.
The density parameters were: Ag = 1 em™>, A =1.5%x10° em™2, A5 = 2.7 x 1028 cm’% and
Ay =3x10% cm™.
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Figure 1: The X-ray light curves for different stratification parameters.

Figure 2 shows the X-ray observations of SN 2020bvc with the best fit synchrotron light curve
generated by the deceleration of an off-axis jet in a medium with stratification parameter k = 1.5.
The synchrotron light curve is plotted for the following parameter values: E = 5.3 x 10¥erg,
g =2x102 ¢ = 35x 1073, Ay = 847 x 105 cm™2, p = 22, A = 23°, 6, = 5° and
D, =120 Mpc.



A theoretical model of an off-axis GRB jet B. Betancourt Kamenetskaia

- - -
Q =1 Q
> & A
T
1

Flux density (mJy)

-
<
4

108 ¢ E

n il n i a il n PR Er
107 10° 10! 102
Time since merger (days)

Figure 2: The X-ray data points of SN 2020bvc with the best-fit curve obtained with the model presented in
this proceedings for a stratification parameter of k = 1.5.

4. Conclusion

Using external forward shocks as our starting point, we have derived a theoretical model
to describe the afterglow emission of an off-axis relativistic jet. Influenced by earlier work on
supernova emission, we have assumed that the jet interacts with a medium parametrized by a power
law number density distribution oc R™X. This general approach is advantageous, as it allows us to
not only consider a homogeneous medium (k = 0) and a wind-like medium (k = 2), but regions
with non-standard stratification parameters, in particular k = 1, 1.5 or 2.5.

Our model has considered the jet’s evolution during the relativistic phase and after the jet break.
In both stages, we have calculated the synchrotron light curves in the fast- and slow-cooling regimes,
which agree with previous literature on the subject for the particular cases of a homogeneous and a
wind-like medium.

We have analyzed the behaviour of the light curves for different sets of parameters. In the case
of variation of the stratification parameter, we have noticed that during the relativistic phase, an
increase of this parameter leads to flatter profiles. As for the case of the flux after the jet break, we
have shown that its time evolution is independent of k. Therefore, an advantage of this model is the
freedom with which one can explain the early-time evolution of the radiation, without spoiling the
long-time results.

We have applied our model to the radiation from SN 2020bvc and have been able to successfully
fitall reported values with the parameters specified in Section 3. A stratification parameterof k = 1.5
was used.
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