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Abstract

The origin of flares in gamma-ray burst afterglow light curves is often attributed to late-time activity of
the central engine. This hypothesis, though, is hard to reconcile with the formation of a black hole during
the massive star collapse or neutron star merger if the flare is delayed until long after the burst. Fortunately,
a scenario was recently proposed that involves the passage of a long-lived reverse shock through a stratified
ejecta and avoids the need to invoke a long-lived neutron star remnant or late-time fallback accretion onto
a black hole.

In our work, we are able to generalise this model to physically realistic conditions by running one-
dimensional simulations using our novel moving-mesh relativistic hydrodynamics code. The enhanced
efficiency of our numerical scheme, combined with an improved radiative prescription, allows us to explore
a wider range of setups with an more realistic treatment of the circumburst medium mass density. This
enables the study of the range of arrival times that can be obtained for flares in this model and suggests
their link with initial ejection dynamics rather than with late-time remnant activity.
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1. Introduction

We present results supporting work to be published soon
(Ayache et al., in prep) in favor of the fact that long-
lived reverse shocks interacting with a stratified ejecta
can be responsible for flares observed in the early X-ray
afterglow of long gamma-ray bursts (GRBs).

At the moment, flares are expected to be produced by
late activity of the central engine (e.g. Margutti et al.,
2011) or by late-time fallback accretion (e.g. Cao et al.,
2014) . However these scenarios require the late activ-
ity of the central engine to happen on timescales equal
to that of the occurence of flares in the observer frame
(Kobayashi et al., 2007). This puts serious constraints
on the nature and stability of the central engine.

Recently, Hascoët et al. (2017) proposed a mechanism
that avoids these constraints by suggesting that flares
can be produced by the interaction of a long-lived re-
verse shock (RS) with a stratified ejecta resulting from a
chaotic gradual shutdown of the central engine at the
early ejection stage, provided that the forward shock
(FS) is radiatively less efficient than the RS. Lamberts
and Daigne (2018) (hereinafter LD18) further sup-
ported this claim by running full numerical hydrodynam-
ical simulations of this scenario. However, the use of a

fixed mesh and their radiative prescription limited their
ability to fully explore the capabilities of such a model,
constraining them to dense circumburst media and yield-
ing unrealistic flare timescales.

In this work, we apply our newly developed finite-
volume, moving-mesh, relativistic hydrodynamics code
to this problem and run full one-dimensional numerical
dynamical simulations, topped up with a local treatment
of synchrotron cooling for light curve reconstruction and
show that this scenario is viable for physically realistic
parameters, and that it is able to reproduce the observed
flare timescales and range of arrival times.

2. Description of the Dynamics

We set up initial conditions similar to that of LD18 as fol-
lows: we start from a shell of ejected material of width
100 light-seconds at 200 s after the burst, We assume
constant power of Ė = 1051 erg.s−1 (isotropic equivalent
energy Eiso = 1053 erg). We experiment with various
radial velocity profiles in the ejecta, while the other ther-
modynamical quantities are determined using and ideal
gas equation of state with adiabatic index γ = 4/3 and
a pressure to rest-mass density ratio η = 10−3. The cir-
cumburst medium number density is set to n0 = 1 cm−3



Fig. 1. Lorentz factor (top) as a function of cumulative mass for

the perturbed setup. Dashed vertical lines show the positions of

reverse shocks and dotted vertical lines the positions of forward

shocks.)

in the interstellar medium (ISM) case.
A long lived RS can be obtained with a tail of de-

creasing Lorentz factor at the back of the ejecta (non-
perturbed setup). This tail will expand leading to a
longer crossing time, and thus longer emission from the
RS.

A stratified ejecta can be obtained by introducing
some regions of negative velocity gradient in this tail
(perturbed setup) (Hascoët et al., 2017; Lamberts and
Daigne, 2018). Fig. 1 shows the evolution of the Lorentz
factor as a function of cumulative mass M (comoving co-
ordinate) with time, as the blast wave moves towards the
right-hand side. We can see that this region will lead to
the formation of a dense stratification separated by in-
ternal shocks (dark blue curve at tlab = 9.99× 104 s). In
this setup, the RS starts forming after the dense region
(light blue curve at tlab = 1.5 × 106 s) and leads to the
formation of a reflected forward shock as it interact with
it (yellow curve at tlab = 5.59 × 106 s). This forward
shock will be responsible for the rebrightening in the FS
emission in fig. 2 that will eventually disappear when
resorting to structured setups (described in §4.).

3. Radiative prescription - Local cooling

We assume synchrotron emission from accelerated pop-
ulations of electrons downstream of the shocks, and ne-
glect self-absorption as we are currently interested only
in the X-ray and optical regimes. LD18 used an approx-
imate description of particle population evolution down-
stream of the shocks because of numerical challenges as-
sociated with accurately capturing the very short syn-
chrotron cooling timescale, in comparison with the dy-
namical timescales. In this work, because of the com-

Fig. 2. X-ray light curves at 1 keV for the non-perturbed (dashed

lines) and perturbed (solid lines) setups for a spherical outflow.

RS and FS have the same radiative efficiency in this figure. The

first spike in the RS is due to the internal shocks at early times.

plexity of the setup and thanks to the increased resolu-
tion downstream of shocks enabled by the moving mesh,
we choose to locally track the evolution of the bound-
aries γm and γM of the truncated power-law electron
population.

Shocks are detected using limiting relative velocities
(Rezzolla and Zanotti, 2013) at cell interfaces and γM is
set to a value of 107 directly downstream of each shock.
The synchrotron cooling equation can be rewritten in an
advection equation form with a source term which allows
us to track the evolution of γM as a simple passive scalar.
γm is simply driven by adiabatic expansion. We can then
compute the local emission for each cell following Granot
et al. (1999).

Eventually the contribution from all cells are summed
up for each frequency and arrival time to create the syn-
thetic light curve and spectra. This approach allows us
carry out broadband study of the radiation and to com-
pare light curves across the synchrotron cooling break.

4. Short flares

As expected, we can observe two spikes in the RS light
curve (fig. 2). The first spike is due to the two in-
ternal shocks surrounding the dense stratification and
happens early enough that it can be hidden under the
prompt emission. The emission from the RS increases as
it crosses the dense shell at the back of the ejecta and pro-
duces the second spike at much later times (tobs ∼ 3000 s
here). The cooling break also moves to higher frequen-
cies, leading to a bigger flux variability in X-ray than in
optical, as supported by observations.

However, observational constraints of flare timescales
give ∆t/t ∼ 0.1 − 0.3 (Chincarini et al., 2010). The



Fig. 3. X-ray and optical light curves at 1keV for a structured per-

turbed jet (θjet = 0.1 rad, ∆θP = 0.015 rad, black solid curve).

FS and RS have same radiative efficiency in this figure.

timescale obtained from the spherical blast-wave simula-
tions ahead of the jet break yield ∆t/t ∼ 1. With this in
mind, we decide to constrain the perturbed profile to a
narrow angular region of size ∆θP that is small in com-
parison to the width of the jet, setting the rest of the jet
to the non-perturbed setup, with a canonical jet opening
angle value of θjet = 0.1 rad. We make sure that for the
range of Lorentz factors of these simulations, and up to
at least the RS crossing time, each of the components is
not causally connected. This allows us to use the outputs
of two 1-D simulations during the light curve reconstruc-
tion instead of having to run a full 2-D simulation.

Provided that ∆θP is small enough, this suppresses
the curvature effect responsible for the long flare decay
timescale that is now dominated by the synchrotron cool-
ing timescale, yielding much more reasonable values of
∆t/t (fig. 3). The rebrightening in the FS is also signif-
icantly reduced. The flare in the optical is also smaller
than in the X-ray as a result of the cooling break mov-
ing to higher frequencies in the flaring component, and
is less likely to peak above the FS. We also make sure
that flaring with short timescales can also be observed
for perturbations off-axis.

5. Late flares

The robustness of this scenario for flares lies in its abil-
ity to produce flares at any time after the burst based
only on the initial ejecta profile established in the first
100 seconds of central engine activity. We show this
by moving the region of negative velocity gradient fur-
ther at the back of the ejecta, delaying the interaction of
the reverse shock with the resulting dense stratification.
The result is reported in fig. 4 and confirms this expec-
tation. It also shows that the relative timescale of the

Fig. 4. X-ray light curves for run3, run4, run5. Inset is the initial

Lorentz factor radial profile. The flare moves to later observer

times as non-monotonic region of velocity is moved further at the

back of the ejecta.

flares remains the same for different arrival times, with-
out changing the geometrical parameters or the relative
amplitude of the dynamical perturbation.

6. Discusssion

The flux variability of the flare is loosely constrained as
(i) it is driven by the ratio of radiative efficiency between
the FS and the RS (ii) off-axis flares peak lower because
of Doppler beaming effects. The timescale of the flare
also depends on (i).

The limitation on the range of ∆θP puts constraints
on GRB angular dynamical variability and the associ-
ated jet-launching mechanism. This still needs to be
investigated.
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