
Exponential Temporal Decay of Extended Emissions following

Short Gamma-Ray Bursts with a Possible Correlation

Between the Luminosity and Time Constant

Yasuaki Kagawa,1 Daisuke Yonetoku,1 Makoto Arimoto,1 Tatsuya Sawano,1

Shota Kisaka,2,3,4 and Ryo Yamazaki,2

1 College of Science and Engineering, School of Mathematics and Physics, Kanazawa University, Kakuma,
Kanazawa, Ishikawa 920-1192,Japan

2 Department of Physics and Mathematics, Aoyama Gakuin University, Sagamihara. Kanagawa, 252-5258, Japan
3 Frontier Research Institute for Interdisciplinary Sciences, Tohoku University, Sendai 980-8578, Japan

4 Astronomical Institute, Tohoku University, Sendai, 980-8578, Japan
E-mail: kagawa@astro.s.kanazawa-u.ac.jp

Abstract

Extended X-ray emissions following short gamma-ray bursts (SGRBs) with relatively longer time dura-
tion of ∼100 s are thought to be promising electromagnetic counterparts to gravitational waves. To study
the characteristics of the extended emission and even the progenitor of SGRBs, we investigate the early
X-ray light curves of 26 SGRBs with known redshift whose data were obtained with the X-ray Telescope
aboard the Neil Gehrels Swift Observatory. From this analysis, we find that almost all of the early X-ray
light curves (in 23/24∼96% SGRBs) can be explained with an exponential decay model. The exponential
temporal decay may suggest that the central engine of the extended emissions is exponentially decaying
magnetic flux which extracts energy from a rapidly rotating black hole.
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1. Introduction

Short gamma-ray bursts (SGRBs), a sub-class of gamma-
ray bursts (GRBs) with a duration of < 2.0 s, are fol-
lowed by temporally extended X-ray emissions whose
duration is ∼100 s (Norris & Bonnell 2006). The ori-
gin of the extended emission has been debated for some
cases, for example, a rapidly spinning magnetar whose
rotation energy is lost by such as dipole radiation (Met-
zger et al. 2008) and/or a black hole accreted by fallback
ejecta(Kisaka & Ioka 2015). These objects are thought
to be created after a coalescence of binary neutron stars
merger which launches a relativistic jet and then powers
a prompt emission of SGRBs.

Kisaka et al. (2017) studied the observed light curves
with a power-law decay model, and then concluded
that all of observed light curves in SGRBs are con-
sistent with this model. The model is derived by
considering the black hole engine with a Blandford–
Znajek process(Blandford & Znajek 1977) and ejecta
fallback(Rosswog 2007). On the other hand, Kagawa
et al. (2015) showed that an exponential decay is also
acceptable to explain the rapid decay in the extended

emission. In this work, we systematically analyze the
X-ray light curve of 26 SGRBs with an exponential and
power-law decay models to determine which models is
suitable to explain the light curve of the extended emis-
sion.

2. Data Analysis

From the GRB events observed by the Burst Alert Tele-
scope (BAT) aboard the Neil Gehrels Swift Observa-
tory (Swift), we pick up 140 SGRBs (including SGRB
candidates). From the list we select 26 SGRBs 1 with
known redshift, which are well observed with the X-ray
Telescope (XRT) aboard Swift. After that, we create the
X-ray light curve of the selected SGRBs by performing
spectral analysis for the XRT data with a single power-
law model considering Galactic and extra-galactic pho-

*1 GRB 050724, 051221A, 060614, 060801, 061006, 061201,

070714B, 070724A, 070809, 071227, 080123, 080905A, 090426,

090510, 100117A, 100625A, 100816A, 101219A, 111117A,

130603B, 140903A, 150423A, 150424A, 160410A, 160624A,

160821B



toelectric absorption. We also analyze the BAT data
of three SGRB events (GRB 050724, 060614, 070714B)
with a single power-law spectral model. For the other
events without significant X-ray fluctuation, we provide
a detection limit of the BAT obtained by extrapolating
the 5σ sensitivity curve in 15–150 keV (Lien et al. 2016),
where we assume a power-law spectrum whose photon
index of 2 is from previous works (Lien et al. 2016).
To study the X-ray light curve of the selected SGRBs

we consider two temporal decay model, the exponential
(EXP) and power-law (PL) model. The exact light-curve
models are as follows:

L(t) =


LEE exp(−t/τEE) (for EXP model)

LEE

(
1 + t

TEE

)−α

(for PL model).
(1)

Here, t is the rest-frame time since the burst trigger,
and L(t) is the isotropic luminosity in units of erg s−1.
LEE, TEE are the normalization of isotropic luminosity
and the rest-frame duration of the extended emission
since the burst trigger, respectively. The parameter α is
a temporal index of the extended emission, and τEE is
a time constant in the rest frame. The two models are
referred from Yamazaki (2009); Kagawa et al. (2015);
Kisaka & Ioka (2015); Kisaka et al. (2017). Note that
both the models contain the following plateau and/or
normal-decay phase but are not written in Equation 1.
We perform the model fitting to the light curves. In

this research, the parameter α is fixed as 40/9 ∼ 4.44
which is derived in Kisaka & Ioka (2015) by considering
the black hole engine model with a Blandford–Znajek
jet (Blandford & Znajek 1977) and a timescale of ejecta
fallback (Rosswog 2007). The examples of the fitting
results are shown in Figure 1. Here, the EXP model of
GRB 090510 and 100816A is not constrained from the
fitting because of the poor statistics at the early phase of
the XRT observation. Therefore, we discuss the suitable
model with 24 SGRBs with known redshift.

3. Discussion and Conclusion

As the results, all of the EXP model are consistent with
the observed light curves. On the other hand, the PL
model is not steep enough to follow the rapid decay in
GRB 050724, 060614, 160821B, and that of six events
(including GRB 160821B) violates the detection limit of
the BAT. By considering the reduced-χ2 value, further-
more, for only GRB 051221A, the PL model is more
suitable than the EXP model. Therefore, we conclude
that the early X-ray light curve in 23 of the 24 selected
SGRBs are able to be explained with the EXP model.
Then, we consider the physical model of the exponen-

tially decaying extended emission. Here, since the ob-
served light curve is steeper than the PL model derived
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Fig. 1. Samples of the model fitting to the X-ray light curves in se-

lected SGRBs. The filled (black) and open (red) squares denote

the Swift/XRT data. The black dashed-dotted lines are the de-

tection limit of the BAT. The black and gray lines corresponds to

the EXP and PL model curves, respectively. The black and gray

dashed lines show the plateau emission components.

from the black hole engine model (Kisaka & Ioka 2015),
we update this model. As the luminosity of a Blandford–
Znajek jet L is proportional to the square of the mag-
netic flux B2 penetrating the ergo region of black hole
(L ∝ B2), a decrease of the magnetic flux causes a decay
of the luminosity (Blandford & Znajek 1977). Then, we
suggest a model the magnetic field energy decays expo-
nentially, which induces the luminosity does too. This
dissipation of the magnetic energy would come from the
fallback of the merger ejecta. Since the magnetic field is
frozen into the matter ejected from the merger, the fall-
back matter onto the black hole forces the anti-directed
magnetic field to reconnect (Kisaka & Ioka 2015). In
such case, a time-scale of not the escape of the magnetic
field line from the black hole (L ∝ t−40/9; Kisaka & Ioka
(2015)) but the dissipation of the magnetic field would
determine the duration of the extended emission.

This work was supported by Grants-in-Aid for JSPS Re-
search Fellow grants No. JP18J13042(YK).
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