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ABSTRACT

Hyperaccreting stellar-mass black hole systems are leading candidates for the central engines of gamma-ray bursts (GRBs). Their
jets are thought to be powered by either the Blandford—Znajek (BZ) process or neutrino-dominated accretion flows (NDAFs), but
discriminating between these mechanisms remains challenging. To address this, we proposed using the luminosity decay slope (d) of
GRB light curves to distinguish between the BZ and NDAF mechanisms, thereby linking the light-curve morphology to the central
engine physics. By analysing 85 single-peaked GRBs with fast-rise, exponential-decay (FRED) profiles observed by Swift/BAT using
64 ms background-subtracted light curves, we fitted the decay slope (d) with the empirical Kocevski—-Ryde-Liang (KRL) function
and compared the results with theoretical predictions for the BZ (d = 1.67) and the NDAF (d ~ 3.7-7.8) mechanisms. We find that
the decay slope (d) can differentiate central engine mechanisms, with 15 GRBs consistent with the BZ mechanism and 22 supporting
the NDAF mechanism. However, most events exhibit slopes within the range 2 < d < 4, suggesting a hybrid of mechanisms, with

NDAF being dominant.
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1. Introduction

Gamma-ray bursts (GRBs) are among the most energetic explo-
sions in the universe, and understanding their central engine
mechanisms is crucial to probing jet dynamics and radiation pro-
cesses. Currently, the central engines of GRBs are commonly
attributed to two models: a magnetar (Duncan & Thompson
1992; Dai & Lu 1998a,b; Metzger 2010; Liu et al. 2015) and
a hyperaccreting stellar-mass black hole (Blandford & Znajek
1977; Paczynski 1991; Woosley 1993; Popham et al. 1999;
Narayan et al. 2001; Lei et al. 2013; Xie et al. 2016; Lei et al.
2017). In the magnetar scenario, a rapidly rotating, strongly
magnetised neutron star powers relativistic jets through accre-
tion; continued energy injection may produce an extended X-ray
plateau — a feature typically observed in bursts with lower ener-
getics and longer plateau durations. Meanwhile, hyperaccreting
black holes originate from either massive stellar collapse or com-
pact binary mergers. These systems generate relativistic jets via
the Blandford—Znajek (BZ) mechanism (Blandford & Znajek
1977; Leeetal. 2000a,b; McKinney 2005; Leietal. 2013;
Liuet al. 2015; Lei etal. 2017), driven by magnetic fields or
through the annihilation of neutrino—antineutrino pairs (NDAF)
(Ruffert et al. 1997; Popham et al. 1999; Di Matteo et al. 2002;
Liu et al. 2007; Zalamea & Beloborodov 2011; Xue et al. 2013;
Song et al. 2016; Xie et al. 2016).

* Corresponding authors: yisx2015@gfnu.edu.cn,
leiwh@hust.edu.cn

Some GRBs are attributed to the magnetar model, whereas
the hyperaccreting black hole model can explain the majority of
GRBs, particularly high-luminosity and ultra-long GRBs. Here,
we focus on the hyperaccreting black hole system. The true jet
luminosity, inferred by excluding X-ray emission from the cen-
tral engine, can be linked to the NDAF and BZ mechanisms
using parameters such as the isotropic radiated energy E, o,
the isotropic kinetic energy Ejy i, redshift z, and the jet half-
opening angles 6;. Fan & Wei (2011) estimated the accretion
disc mass for short GRBs to range from 0.01 My to 0.1 M,
suggesting that the binary neutron star merger scenario can
plausibly account for their observed characteristics. Liu et al.
(2015) and Song et al. (2015, 2016) further pointed out that
the NDAF mechanism faces difficulties in explaining high-
luminosity and ultra-long GRBs, particularly those requiring
large accretion disc masses. Yi et al. (2017) found that the BZ
mechanism matches the selected observational data better than
the NDAF mechanism, a result further supported by Xue et al.
(2013). Du et al. (2021) refined the jet-accretion rate constraints
for high-luminosity GRBs within the BZ scenario.

Although previous studies have primarily focused on energy
estimates or statistical analyses, some investigations have
explored how light-curve variability reflects the central engine
mechanism. The morphology of the light curve provides cru-
cial insights into this distinction. Lei et al. (2007) linked com-
plex light-curve structures to BZ-driven jet precession and nuta-
tion, and successfully fitted the light curves of five GRBs.
Kumar et al. (2008a) explained the prompt emission phase and
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afterglow plateau through fallback accretion’s impact on jet
luminosity. Lei et al. (2017) provided a general luminosity fit-
ting formula for both NDAF and BZ mechanisms, analysing
light-curve evolution across prompt and afterglow phases. Thus,
distinguishing the central engine based on the instantaneous
light-curve features holds significant research value.

In this work, we simulated light curves during the prompt
radiation phase for different initial parameters of hyperaccreting
black hole systems to compare the light curves for BZ and NDAF
scenarios. To validate our theoretical models, we selected GRBs
exhibiting single-peaked FRED profiles observed by Swift and
compared their theoretical light curves. Through this compari-
son, we establish a new link between central engine physics and
light-curve morphology. Section 2 describes the hyperaccreting
black hole and prompt emission mechanisms. Section 3 details
the sample selection and processing methods. Section 4 presents
the results, with Sections 5 and 6 discussing and concluding the
study.

2. Hyperaccreting black hole

Stellar-mass black hole hyperaccretion systems are widely con-
sidered as prominent candidate models for the central engine
of GRBs (Narayan et al. 1992; MacFadyen & Woosley 1999).
These systems primarily involve two candidate mechanisms:
the magnetically driven BZ mechanism and the NDAF mecha-
nism. This section reviews both mechanisms and compares their
effects on the light curves of GRBs.

2.1. BZ mechanism

The BZ mechanism, first proposed by Blandford & Znajek
(1977), was initially introduced to explain the energy generation
in active galactic nuclei. Later, Lee et al. (2000a) and Lee et al.
(2000b) extended this mechanism to explain the central engine
of GRBs. They suggested that when a rotating Kerr black hole
is threaded by a large-scale multipolar magnetic field from the
accretion disc, the magnetic field efficiently extracts the black
hole’s rotational energy, driving relativistic jets. In this pro-
cess, the magnetic field lines, dragged by the black hole’s spin,
induce an electric field and current near the event horizon, form-
ing a stable magnetosphere. The current generated exerts an
Ampere force on the black hole, causing it to decelerate. Conse-
quently, the black hole’s rotational energy is transmitted outward
as Poynting flux, which drives the relativistic jets.

In the BZ mechanism, the energy extraction rate from the
rotating black hole’s magnetic field can be approximated as
(Lei et al. 2017)

Lgz = 1.7 x 10°a2m B, ;F(a.) erg s™", (D

where m, = M,/M, is the dimensionless black hole mass;
B, refers to the magnetic field strength at the black hole hori-
zon, Bog = B./1G; and F(a,) is a dimensionless func-
tion of the black hole’s spin parameter a., given by F(a.) =
[(1 + qz)/q] [(g + 1/g) arctan(g) — 1], where ¢ is defined as ¢ =

au (1+ V1-a?).
By assuming equilibrium between the accretion disc’s gas
pressure and the magnetic pressure at the disc’s inner radius

(Mészaros & Rees 1997), we obtain

B? Mc
=2 =Py~ —, 2
8 " 47rr12{ @
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where M represents the accretion rate at the inner edge of the
accretion disc, and rg is the radius of the black hole’s event hori-

zon, given by ry = (1 +4/1- a%) rg. We then obtain

-1
Be =~ 7.4 x 100" > m! (1 + /1 - a%) G. 3)

Finally, the luminosity of the BZ mechanism can be approx-
imated as

Lz = 9 x 10 a?mX(a,)erg s~

4)
~15x% 1053a3m erg s_l,
where 11 = M /(M s™") is the dimensionless mass-accretion rate
of a black hole.
To establish a connection between the BZ power and the
observed gamma-ray luminosity, we use the following relation:

nLez = folyiso = Ly, (5)

where f,, is the beaming factor of the jet, and n is the efficiency of
converting BZ power into gamma-ray radiation. For this study,
we adopt typical values of f, = 0.01 and n = 0.2.

In the BZ mechanism, considering the energy and angular
momentum conservation (Lee et al. 2000a,b), the evolution of
the black hole mass and angular momentum can be expressed as

dM,c? .

dr = McczEms - LBZ’ (6)
dJ. .
E = M-Lms - TBs (7)

where Ty represents the torque produced by the interaction of
the black hole with the accretion disc, and can be written as

L
TB = % =18x% 1049a,mm.F(a*)gCHl2 S_2

F ®)
~ 1.2 x 10¥a,mm. gcm2 s_z,
where Qr = 0.5Q, (Lee & Kim 2000; Lee et al. 2000b), and
Qu=%=—oc
2z 2GM.(1+ \/1—a2)
Here, E\,s and Ly, correspond to the specific energy and spe-
cific angular momentum at the maximum stable circular orbit

radius 7,5 (Novikov & Thorne 1973), and are given by

4Ry — 3a,

En = ——, 9
T )
GM. 2 3 Rms - 2 °

Ly, = E22 20 VR - 200) (10)

where Rys = Fins /7, and the expression for 7y is given by

Fms = 7g |3+ Za = sgn(a) (3- 213 + 2, +220))'*]. (1)

For 0 < a, < 1, the quantity Z; is given by Z; = 1 + (1 —

a3 [(1+a)'? + (1 - a)'?], while Z; is defined as Z, =
(3a2 + Z})"? (Bardeen et al. 1972; Novikov 1998; Kato et al.
2008).

Building upon this foundation and incorporating the defi-
nition of the intrinsic angular momentum, one can derive the
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expression for the spin as a, = GJMC2 The corresponding evo-

lution equation for the Kerr black hole can then be derived
as

dao _ (MLms - TB)C MczEms - LBZ
dr ~ GM? ) M.c? '

12)

This equation governs the time evolution of the black hole’s
spin, derived by considering the BZ mechanism in the context
of energy extraction from the black hole.

2.2. NDAF model

The mechanism of neutrino annihilation is an important chan-
nel of energy release, first proposed by Popham et al. (1999) to
explain GRBs. The typical accretion rate associated with GRBs
is in the range of 0.01-10 My s™!, resulting in an accretion disc
with extremely high temperature and density. Under such con-
ditions, the optical depth increases, photons become trapped,
and the viscously dissipated energy can be carried away only
via neutrino emission; this constitutes the NDAF mechanism. In
this mechanism, a fraction of neutrinos annihilate into electron—
positron pairs (v + ¥ — ¢~ + ¢*), which subsequently annihi-
late into gamma-ray photons that help launch relativistic jets.
Because this process does not require strong magnetic fields, it
is regarded as a complementary GRB launching mechanism to
the BZ process.

To accurately describe the relativistic accretion system, we
adopt a steady-state disc model around a Kerr black hole, incor-
porating neutrino radiation and rotation within the framework of
general relativity, as proposed by Chen & Beloborodov (2007)
and Lei et al. (2017). For simplicity, we assume that the NDAF
accretion disc is a standard thin disc and that the rotation of the
accretion disc follows the Keplerian disc model.

Under the Kerr metric, the basic equations of the NDAF
model are as follows:

1. Mass conservation

M= —4nrv,.pH. (13)
2. Angular momentum conservation
. D A
M\/GM.rZ = 47rr2Ha/P1/R, (14)

where A, B, C, and D are general relativistic correction fac-
tors, given as

2GM, (GM, -a.\?
A=1- +( a )
ctr ctr
3/2
B:1_3GM. 2.(GM.) ’
ctr ctr
Mo 3/2 Mo' ° 2
C=1—4a.(G—) +3(G—a)’
c2r ctr
D = Bf.

3. Energy conservation
0" =0, (15)

where 0" = Qs and O~ = Q, + Qphoto + Qaav- Here, Qyis is
the viscous heating rate, and the cooling terms (Q~) include
neutrino cooling Q,, photon emission Qphoto, and advection

energy Qudy-

4. The total pressure on the NDAF disc
11

P aT* + pkT 1+ 3 Xnue + 2ehe (3 \"
12 mp 4 3 8mmy,
43 (16)
u
X (ﬁ) +—=.
He 3

The total energy emitted by neutrinos from the NDAF accre-
tion disc per unit time represents the neutrino luminosity. The
neutrino radiation luminosity of the NDAF is given by

Tout

L,=4n O,rdr,

Tms

a7

where roy represents the outer radius of the accretion disc and Q,
denotes the neutrino cooling rate. The neutrino radiation lumi-
nosity is obtained by integrating Q, over the area.

For the neutrino annihilation luminosity, Ruffert et al.
(1997), Popham et al. (1999), Rosswog et al. (2003) and others
proposed dividing the NDAF disc into many grid points. Neutri-
nos are denoted as k, while antineutrinos are labelled as k’. By
summing and integrating over all the grid points, the neutrino
annihilation luminosity at each point is obtained:

Evm’/ =A Z l{(/' Z ﬁ (6‘]5[ + E(—f’/)(l — COS Qkk,)z

n
o &
, , (18)
LI [ e
+ A, — — | — ~ (1 —cosB) ]|,
2 2 X &
4T\ e,
where A; =~ 1.7 x 107 cmerg?s™! and Ay ~ 1.6 x

10¢ cmerg2s7!.

By performing an integration over the black hole and the
outer region of the accretion disc, the total neutrino annihilation
luminosity can be written as

LV17 = 47rfflwr drdz.

This method is physically well founded. However, due to
the dependence on the accretion rate, black hole mass and
spin parameters, an analytical derivation is not feasible. Conse-
quently, many empirical fitting formulae have been proposed for
the neutrino annihilation luminosity. For example, Popham et al.
(1999) and Xue et al. (2013) have suggested various parame-
terised expressions, while some studies have provided corre-
sponding analytical approximations (e.g., Blandford & Znajek
1977). The choice of a specific formula should be based on the
range of accretion rates and the research objectives to determine
the most suitable fitting function.

The results of Lei et al. (2017) are consistent with the find-
ings of Xue et al. (2013) and Zalamea & Beloborodov (2011)
with low and moderate accretion rates. This study adopts the seg-
mented power-law fitting formula proposed by Lei et al. (2017),
which better reflects the true trend of annihilation luminosity in
the range of M = 0.01 — 10 Mg s™!, with the black hole mass
ranging from 3 My to 10 M. This fitting is particularly suited
for simulating the evolution of the central engine energy output
during the prompt phase of GRBs.

o gl
o\ i By
- +1=
Mign Mign

va/ = LV\‘/,ign [(
1

. Br—yw]™
m
1 + ( i ) } '
Mirap

(19)

(20)

X
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where
1 i \_3.
— 10(480+0.150,) (ﬁ )Og('"igu) 33
3

with @,y = 4.7, Byy = 2.23, y,5 = 0.3, ritigy = 0.07 —0.0634,, and
Hirap = 6.0 — 4.0a3.

Similarly, the efficiency of the NDAF and its relation to the
luminosity of the observed GRBs can be written as n,7L,; =
f bL‘y,iso-

It should be noted that the fitting parameters include the
luminosity normalisation terms E)jgn, Ey7,ign, the power-law evo-
lution indices a, B, v, as well as the critical accretion rates ritigy,
Tiyap. These values are derived from the fits under the conditions
of black hole mass M = 3 M and spin a, = 0.1 — 0.95.

In the absence of the BZ mechanism, the evolution equation
of the Kerr black hole can be derived from the conservation of
energy and angular momentum:

Lyvien ergs™!, 1)

dM.c? .
dtc = MczEmSa (22)
dJ, .
= MLy 23
i ‘ (23)

Using these physical quantities, the evolution equation of the
black hole spin parameter, driven by the neutrino annihilation
mechanism, can be derived as

da. MLmsC MEms
= —2a, .

dr GM? M,

(24)

2.3. Comparison of theoretical light curves from two models

To investigate the influence of different central engine mech-
anisms on the optical behaviour of GRBs during the prompt
phase, we adopt the simplified annular accretion disc model pro-
posed by Kumar et al. (2008a,b), Metzger et al. (2008), Lei et al.
(2017), which is regarded as a ring structure concentrated at a
representative radius rq. Under this assumption, the unit mass
angular momentum of the disc is calculated using classical
orbital mechanics, while the total mass My and angular momen-
tum Jy of the disc are equivalently distributed across the ring.
The following expression can be derived from the conservation
of angular momentum:

LN 2 _ Ja
J(ra) = (GMarq) '~ = My

(25)

To further obtain the instantaneous accretion rate M, we relate it
to the viscous accretion timescale as

(26)

Here, M denotes the mass accretion rate, and the accretion

2
timescale f,. iS given by fyec = '7‘1 ~ ﬁ (Shakura & Sunyaev
1973), where ry is the radial distance, v is the kinematic vis-
cosity, and @ = 0.1 is the viscosity coefficient. The angular
velocity Qg, based on the Keplerian velocity under the pseudo-
Newtonian potential, is expressed as Qg = (%)1/2 R+Rg,
G is the gravitational constant, M is the mass of the central

object, R is the radius, and R, is the Schwarzschild radius.

where
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During the accretion process, the mass and angular momen-
tum of the disc decay and evolve over time, which can be
expressed as

My = -M, Q27)

Ja = —LnsM. (28)

By combining the luminosity functions L,;(f) and Lgz(f) derived
in Sections 2.1 and 2.2, we establish the coupled evolution equa-
tions for the black hole and the accretion disc based on the con-
servation of angular momentum. Solving for the time-dependent
evolution of the spin parameter a.(f), black hole mass M(#) and
accretion rate M, we can obtain the theoretical evolution of the
luminosity light curve driven by the central engine for different
initial parameters.

Figures 1 and 2 present the simulated GRB light curves for
varying initial parameters, including black hole mass M, spin
parameter a., accretion disc mass my, accretion rate 7, radiation
efficiency €, and beaming factor f,. The initial conditions are
based on different types of compact object mergers or collisions.
In merger scenarios, black holes formed from double neutron
star mergers typically have masses less than 4 M, while black
holes merging with neutron stars undergo tidal disruption, lead-
ing to the formation of an accretion disc, with resulting black
hole masses between 4—8 M, (Shibata et al. 2009). For black
holes formed via the collapse of massive stars, the initial mass
is typically within the range of 3—10 M, (Song et al. 2016). In
these cases, the initial black hole mass has a minimal effect on
GRB production, with the accretion disc mass and accretion pro-
cess being the main contributors (Lei & Zhang 2011; Qu & Liu
2022). The mass of accretion discs formed in double compact
object mergers ranges from 0.1-0.5 M (Lee 2001; Fan & Wei
2011; Liuetal. 2012; Lii et al. 2015), while for massive star
collapses, it ranges from 1-5M, (Zhang et al. 2003; Song et al.
2016). Thus, we set the initial parameter ranges as follows: for
long GRBs, m : (3,10); 2 : (0.01,3); mq : (1,5); and for short
GRBs, m : (2.3,8); m : (0.01,3); mgq : (0.1,0.5). For typical
cases, we adopt a radiation efficiency of € = 0.2, a beaming fac-
tor of f, = 0.01, and the black hole spin parameter is taken as
a. = (0,0.5,0.95). The study of spin equilibrium by Lei et al.
(2017) found aeq ~ 0.87, while our choice of a, = 0.95 is moti-
vated by a rapidly rotating progenitor, which is necessary for
powering a luminous jet at the GRB onset, before the black hole
evolves towards equilibrium.

By fitting the decay slope of the theoretical light curve, we
find that on the logarithmic time scale, the light curves domi-
nated by the two mechanisms exhibit distinct differences in the
slope of the decay phase for both long and short GRBs. The
details are as follows:

1. When the luminosity varies by several orders of magni-
tude, the slope of the decay phase effectively differentiates
between the two mechanisms.

2. A steeper luminosity decay in the NDAF mechanism, with
slopes from —4.05 + 0.08 to —7.01 + 0.40, where the typical
luminosity decays as L o t~*3. Theoretically, the expected
evolution of the NDAF luminosity depends on the accretion
regime. For high accretion rates (11 > 7it;g,), the luminosity
scales as L,y o« M*?3 o« £372. For low accretion rates (i1 <
Hign), it scales as L,y o« M*7 oc 7783, The decay slopes range
approximately from =37 to +~78, consistent with the fitted
slopes.

3. The luminosity decay for the BZ mechanism is relatively
shallow, with slopes typically ranging from —1.08 + 0.04 to



Zhang, X., et al.: A&A, 707, A392 (2026)

Spin Parameter a Evolution

1 (Moss)

1o TR oo 00 166,00
Time (5) Time (s)
Luminosit ity L(t) Evolution

L0 tergrs)

Spin Parameter a Evolution

L0 tergrs)

(©) Myo

Accretion Rate M Evolution Spin Parameter a Evolution

o 10 T o Too 600 66,00
Time (5) Time (s)

uuuuuuu ity L(t) Evolution Aligned Luminosity Curves
GACE

Spin Parameter a Evolution

dor o0 00 1600 160,00
Time (s)
Aligned Luminosity Curves

(d) My

Fig. 1. Simulated long-GRB light curves for two central engine mechanisms: NDAF and BZ. The NDAF model exhibits a steep decay, whereas the
BZ model shows a more gradual one. Colours represent variations in initial parameters — (a) black hole spin, (b) accretion rate, (c) accretion disc
mass, and (d) black hole mass — illustrated by the colour bars. For each parameter set, the top left panel shows the evolution of the accretion rate
over time; the top right panel shows the evolution of the spin parameter; the bottom left panel shows the luminosity evolution, where the NDAF
model is plotted as red dashed lines (typical slope —4.5) and the BZ model as blue dashed lines (typical slope —1.5); and the bottom right panel

compares the two mechanisms after alignment.

—1.49+0.05, consistent with L oc '3, Theoretically, the BZ
luminosity is linearly proportional to the accretion rate, thus
predicting a decay slope of Lgy o M oc t75/3 ~ 717 closely
matching the fitted results.
This phenomenon suggests that the slope of the light curve dur-
ing the decay phase serves as a critical parameter for distinguish-
ing between the different mechanisms of the central engine of
GRBs. We next integrate actual data from single-pulse GRBs
exhibiting FRED structures with the theoretical curves outlined
above to perform a fitting analysis, with the aim of evaluating
the model’s potential for differentiating these mechanisms.

3. Samples and methods

To ensure clear and well-defined light curves with reliable fitting,
this study focused on single-peaked GRB events that exhibit
a typical fast rise exponential decay (FRED) profile. Here,
a “single-peaked GRB” refers to the emergent overall profile
that results from the superposition of multiple local dissipation
episodes throughout the GRB duration, with each episode con-
tributing to the overall pulse. We assume that the peak flux of
this variation is proportional to the instantaneous energy release
of the central engine. In this case, the overall pulse profile pri-
marily traces the temporal evolution of the central engine. This
provides a physical basis for our statistical study of the GRB

central engine based on the pulse profile. This simple structure
improves fitting accuracy and facilitates mechanism identifica-
tion, while also aiding the identification and interpretation of the
underlying physical mechanisms.

To connect jet power with observed pulse shapes, we derive
the observed variability timescale #,,s based on radius R, Lorentz
factor I, and redshift z of the emitting region. The relationship
is given by fops = 1%. For typical GRB parameters, such as
' ~ 100 — 300 and R ~ 10'3cm, the timescale is approxi-
mately 0.01 s. If the radiation region extends to R ~ 10'* cm, z,ps
would be about 0.17 s. This suggests that even a single-peaked
pulse contains multiple dissipation events, with the overall decay
trend linked to energy injection from the central engine. Thus,
the decay provides a reliable indicator of the central engine’s
temporal power evolution.

The light curve data used in this study are from the Burst
Alert Telescope (BAT) on the Swift satellite from December
2004 to May 2025 (Lien et al. 2016). This instrument provides
multi-channel count rate data that have been processed with
mask-weighting, offering high time resolution. The four energy
bands of BAT are as follows: 15-25 keV, 25-50 keV, 50-100
keV, and 100-350 ke V. To reflect the total luminosity variation of
the GRB, we combined the data from all four energy bands and
analysed the broadband light curves. Additionally, Swift offers
light curve data with varying time resolutions. By comparing

A392, page 5 of 12
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Fig. 2. Same as Fig. 1 but for simulated short-GRB light curves.

these light curves, we found that the 2 ms and 8 ms resolution
light curves are suitable for short GRBs. However, the 1 s reso-
lution light curves, with fewer data points in the pulse regions,
result in rougher curves and may exhibit complex pulse over-
laps. Therefore, we selected 64 ms resolution data to identify
and analyse the FRED single-pulse structure.

We selected GRB events with single-pulse structures and
64 ms resolution from a specific database'. A total of 85
single-pulse samples were collected, including 39 with red-
shift. For GRBs lacking redshift, we estimate the pseudo-
redshift using the standard ACDM cosmological parameters
(Hy = 70kms~'Mpc™", Q,, = 0.27, Qx = 0.73 (Spergel et al.
2003)) in combination with the Yonetoku relation. This approach
ensures that the calculated luminosity evolution of the light
curves can be compared with the theoretical light curves.

To analyse the structural characteristics of GRB light curves
in the prompt phase, we used the MCMC method with the empir-
ical Kocevski-Ryde-Liang (KRL) function to fit the pulses and
evaluate the goodness of fit for the FRED profile using the
minimum chi-square method (Kocevski et al. 2003; Liang et al.
2010; Foreman-Mackey et al. 2013), which is defined as

_rid
t+6\| d LT (t* i
th+ty) |r+d r+d\t,+1 '

The KRL function consists of five adjustable parameters that

allow for flexible fitting of light curves with various shapes.
Specifically, F, represents the peak luminosity, f, is the peak

29

F@) = Fp(

I https://swift.gsfc.nasa.gov/archive/grbtable/
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Evolution of the Accretion Rate M

Evolution of the Spin Parameter a.

I 010 oo 00 156,00
Time (s)

0507 o o7 Tor G Bor 010 60 165.00 160,00
Time (5)

time of the pulse, and r (d) are the power-law indices for the rise
(decay) phase, respectively. This equation is valid for r > —fo,
where 7y represents the offset of the pulse start time relative to the
trigger time. The temporal boundaries of the pulse (¢strx and fenq)
are determined by the signal-to-noise ratio threshold (S/N = 1),
corresponding to the initial and final epochs when the pulse pro-
file intersects the detection threshold.

To determine fy, we adopted an empirical method similar
to that of Kocevski et al. (2003), in which 10% of the standard
deviation of the background noise is added to its mean, i.e.,
to = u + 0.1 X o, where u is the mean and o is the standard
deviation of the background noise. The signal onset is defined
as the point where the signal first exceeds this threshold. This
method simplifies the KRL function to four adjustable parame-
ters. By applying the 7y-corrected KRL function, we can directly
compare its parameters with those of theoretical models, such as
the BZ mechanism or the NDAF models, which assume that the
light curve evolves from ¢t = 0 without accounting for the trigger
delay.

The data processing procedure was as follows:

1. The count rates (countss~' det™!)? for each energy channel
are converted to energy flux (ergcm™2s~!) using the best-
fitting model (power law or broken power law).

2. For samples lacking redshift, we estimate the pseudo-
redshift using the Yonetoku relation. The flux values from
the four energy bands are then combined, and K-correction
is applied to obtain the light curve showing the luminosity
evolution over time.

2 “det” refers to a detector area of 0.4 x 0.4 = 0.16 cm>.
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3. We determine the pulse start time for each sample and apply
MCMC with the KRL model (with #; fixed) to fit the pulses.
The observed time T is converted to rest-frame time Tpegt =
% (with z being the source redshift), and the decay slope
parameter d is derived.

The spectral fitting in this study used both the power law (PL)
and broken power law (CPL) models. The specific forms of these
models are as follows:

Necn(E) = N, ( E )HCPL xp[-L (30)
E,CPL = INo,cPL 100 keV exXp >

Ep

NgpL(E) = NopL (3D

apL

( 100 keV) ’
where NgcpL(E) and NgpL(E) represent the differential pho-
ton spectra for the CPL and PL models, respectively (Schaefer
2007). Here, acpr and apy, are the spectral indices, and E}, is the
break energy for the CPL model.

The count rate is converted into flux using the following
equation:

[ EN(E)dE

F, =P, (32)

[E™ N(EYdE
where Fj, is the flux (erg cm2s7h), P, is the photon peak flux
(photonscm™s™!), and the integrals are performed over the
energy range [Enin, Emax]- These integrals are evaluated over the
energy intervals 15-25keV, 25-50keV, 50-100keV, and 100—
350keV. The total flux is then computed by summing the con-
tributions from each range.

The isotropic luminosity Lis, is then calculated as
Liso = 4nD{ Fk, (33)
where Dy, is the luminosity distance and & is the K-correction
factor, which accounts for the cosmological redshift and is given
by

10*/(1+2)
ﬁ/(l+z) EN(E)dE

[ EN(E)dE

k=

(34)

where z is the redshift, [Empin, Fmax] = 15-350keV, and both
integrals are evaluated in the source frame.

We estimate the spectral peak energy E, using the empirical
E, — L correlation (Yonetoku et al. 2004; Nava et al. 2012)

log [Ep(1 +2)| = =25.33 + 0.53 log L, (35)

where L is the isotropic luminosity and z is the redshift.

4. Results

To investigate the differences in light-curve morphology between
NDAF and BZ mechanisms, we performed spectral fitting using
the KRL function and analysed 85 single-pulse GRBs. The
results of the light-curve fits, along with the isotropic gamma-ray
energy (E, iso) and duration (Tgp), are listed in Table 1 (available
in machine-readable form).

Figure 3 compares the observed data (black) with the fit-
ted KRL models (red lines), highlighting the decay behaviours
characteristic of each mechanism. The dotted lines indicate the
pulse start and end times, and the data have been corrected for

redshift. The energy range for the fitting was initially 15-350
keV and was then extended to the full energy range of 1-10 000
keV through K-correction. Each panel represents a unique GRB,
illustrating the applicability of the KRL model across varying
attenuation slopes and mechanisms, and providing insights into
the physical processes governing the light-curve evolution.

To further assess the accuracy of the model, Figure 4 com-
pares the theoretical light curves of typical samples with the
observed data after aligning their peak values. The x-axis rep-
resents the observation time corrected for redshift, i.e., 7/(1 +
7). In the upper panel of Figure 4, the red curve represents
GRB 120326A, which exhibits an observed decay slope of
d = 4.49, matching the steep luminosity decline predicted for
the NDAF mechanism (d ~ 3.7-7.8). Conversely, the lower
panel shows GRB 160131A, with a shallower decay slope of
d = 1.59, in close agreement with the BZ mechanism prediction
(d = 1.67). Theoretical and observational results are in strong
agreement, providing robust evidence for these mechanisms in
explaining the observed GRB light curves.

In a sample of 85 GRBs, we find that the decay
slopes of 15 bursts (e.g., GRB 050717, GRB 070318,
GRB 070808, GRB 080805, and GRB 090530) are consistent
with the BZ mechanism, while 22 bursts (e.g., GRB 081222,
GRB 090129, GRB 091018, GRB 110318A, GRB 120213A,
and GRB 120326A) are more in line with the NDAF mecha-
nism (see Table 1). However, based on the distribution of decay
slopes across all samples (Figure 5), most bursts cluster in the
range 2 < d < 4. This range lies between the typical val-
ues predicted by the NDAF (d ~ 3.7-7.8) and BZ (d ~ 1.67)
mechanisms shown in Figures 1 and 2, indicating that many
events cannot be classified into a single mechanism solely from
their decay slopes. For the statistical analysis in Figure 5, we
excluded three extreme cases (GRB 070306, GRB 140209A, and
GRB 161004B) with d > 7.8, as such steep slopes are likely
influenced by observational uncertainties or atypical physical
conditions, and would disproportionately skew the high-d tail of
the distribution. A Gaussian mixture model (GMM) fit to the dis-
tribution yields three peaks at d ~ 2.04 (weight 0.50), d = 3.56
(weight 0.32) and d ~ 6.04 (weight 0.18). The first two peaks
fall within 2 < d < 4, while the third represents the high-d tail
of the distribution.

5. Discussion

The interpretation of GRB pulse profiles should account for
both local and global physical mechanisms. Models involving
high-latitude emission from a spherical shell or localized mag-
netic reconnection events (Genet & Granot 2009; Uhm & Zhang
2015, 2016; Uhm et al. 2024) can produce a decaying trend with-
out invoking a decaying jet power, and these processes likely
govern the fine-scale temporal structure (e.g., micro-spikes)
observed within pulses. However, in this work, we focus on the
macroscopic envelope of the pulse, which is primarily influenced
by the global energy injection history of the central engine. We
suggest that the global decay trend, particularly over timescales
longer than those governed by local dissipation processes, may
trace the temporal evolution of the jet power. While local pro-
cesses, such as high-latitude emission and magnetic reconnec-
tion, govern the rapid fluctuations within the pulse, the overall
decay remains coupled to the global energy injection history of
the central engine. We argue that the overall decay trend remains
statistically indicative of the temporal evolution of the central
engine.
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Fig. 3. Examples of fitting light curves (1-10000 keV) to the KRL model (red lines) for GRB 081222, GRB 161218A, GRB 170101A, GRB
180728A, GRB 200922A, GRB 201105A, GRB 210410A, GRB 211225B, and GRB 250605A. The dashed vertical lines indicate the pulse start
and end times. The observed data (shown in grey) have been corrected for redshift, and the corresponding fitting parameters are listed in Table 1.

This framework motivates the analysis of the temporal decay
slope as a proxy for the engine’s behavior. The observed concen-
tration of intermediate slopes (2 < d < 4) may reflect hybrid
central engine mechanisms or transitional accretion regimes
operating in a significant fraction of bursts. Assuming that the
evolution of the light curve is primarily driven by accretion pro-
cesses, this slope can be used to differentiate between the two
mechanisms (see Figures 1 and 2). When the photometric atten-
uation does not reach a full order of magnitude, the measured
slope is often intermediate between the two canonical values.
In such cases, the trend in our sample leans toward NDAF-like
behaviour. Instrumental factors such as orientation effects or cal-
ibration uncertainties can also introduce data gaps that obscure
the intrinsic decay pattern. For bright, long-duration events with
high-quality light curves, however, the slope remains a useful
diagnostic for distinguishing between the two mechanisms.

A Gaussian mixture model (GMM) fit to the slope distribu-
tion supports this interpretation: while a two-component model
is favoured by the Bayesian information criterion (BIC), a three-
component fit reveals peaks near d ~ 2.04, 3.56 and 6.04, with
the high-d tail likely tracing rare NDAF-dominated bursts or spe-
cific geometric and radiative configurations (Figure 5). The con-
centration of slopes in the 2 < d < 4 range persists regardless
of whether two- or three-component fits are adopted, reinforc-
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ing the prevalence of intermediate decay behaviours. Physical
processes beyond the idealised models may further shape the
observed slopes. Strong disc outflows, for instance, can remove
a substantial fraction of the accreting mass before it reaches the
black hole (Liu et al. 2018), lowering the late-time accretion rate
and steepening the decay.

The light-curve slope may be influenced by magnetic field
variations during the BZ process, such as attenuation or sud-
den disappearance of the magnetic field, which could increase
the slope steepness. While magnetic flux is assumed constant
for simplicity, variations may affect the slope. We identify
GRBs such as GRB 170317A, GRB 141004A, GRB 120521C,
GRB 120326A, GRB 100814A, GRB 100704A, GRB 080430,
GRB 071003, GRB 070306, GRB 061202, and GRB 060904B,
which exhibit plateaus and a steep decay for afterglows, indica-
tive of the magnetar model (Dai 2004; Zhang et al. 2006). Mag-
netic field evolution could alter the prompt light-curve struc-
ture, influencing intensity and spectral features. The correlation
between the prompt and afterglow phases requires further inves-
tigation through multi-band data (optical, X-ray, radio) (Yi et al.
2016, 2021, 2022) and numerical simulations. Our analysis
focuses on the prompt phase; if the afterglow phase involves con-
tinued accretion or fallback, the actual accreted mass could be
higher, consistent with conclusions drawn from X-ray afterglow
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Fig. 4. Comparison between theoretical models and observational data
for (a) GRB 120326A and (b) GRB 160131A. Theoretical light curves
are shown for the Blandford—Znajek (BZ) mechanism (solid lines) and
the neutrino-dominated accretion flow (NDAF) mechanism (dashed
lines), following the same convention as in Figures 1 and 2. Obser-
vational data are indicated by red circles, with lighter shading show-
ing the error bars. The upper panel exhibits a steep luminosity decay
(L,; o t7372—¢7783)  consistent with NDAF predictions, whereas the
lower panel shows a shallower decay (L o '), matching BZ model
expectations.

analyses (e.g., Wu et al. 2013; Hou et al. 2014; Gao et al. 2016).
Additionally, the complexity of GRB pulse structures should be
considered. Some GRB pulses may result from the superpo-
sition of multiple components, complicating light-curve analy-
sis and making mechanism differentiation more difficult. Small
peak structures, typically generated by internal shock wave col-
lisions, can subtly influence the overall light-curve behaviour,
despite being unrelated to the primary interaction. The choice of
binning, fitting interval range and initial time point 7y may also
influence the slope calculation, though their effects are generally
minimal.

In summary, our study provides new insights into GRB
central engine mechanisms through light-curve slope analy-
sis. Under low photometric attenuation, slopes in the transi-
tion zone between the BZ and NDAF mechanisms are harder
to distinguish, yet well-sampled, bright events retain clear diag-
nostic value. Targeted multi-wavelength campaigns, combined
with prompt-afterglow correlations, will be essential to connect
slope evolution with magnetic field dynamics and the underlying
engine activity.

GMM Fit of d (n=3)

! [ Histogram

=== GMM (Total, 3 components) ]
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20— T
18
16
14
12
10

Number
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Fig. 5. Distribution of decay slopes d for 85 GRBs, fitted with a
three-component Gaussian mixture model (GMM). Three extreme cases
(GRB 070306, GRB 140209A and GRB 161004B) with d > 7.8 were
excluded to avoid skewing the high-d tail due to potential observa-
tional or physical anomalies, and their removal does not affect the main
results. The best-fit components peak atd ~ 2.04,d ~ 3.56 and d =~ 6.04
with relative weights of 0.50, 0.32 and 0.18, respectively. Most events
fall in the range 2 < d < 4, suggesting hybrid central engines, differing
from idealised BZ (d ~ 1.67) or NDAF (d ~ 3.7-7.8) predictions.

6. Conclusions

We propose a method to distinguish between the BZ and NDAF
mechanisms through analysis of GRB light-curve decay slopes.
Our results show that the BZ mechanism typically follows Lgz o
717 while the NDAF mechanism exhibits slopes ranging from
L,y o« t737 to 78, highlighting the decay slope as a key diag-
nostic. From 85 Swift/FRED single-pulse GRB samples at 64
ms resolution, 15 events are consistent with the BZ mechanism
and 22 with the NDAF mechanism. These results suggest that the
NDAF mechanism explains the majority of GRBs in our sample,
complementing previous studies that indicate high-luminosity
GRBs may require the BZ mechanism (Liu et al. 2015; Yi et al.
2017). The contrasting decay behaviours align with differences
in accretion processes: the BZ mechanism produces smoother
decays via gradual energy extraction, whereas the NDAF mech-
anism yields steeper decays due to rapid accretion rate decline
in the present model framework.

While these findings establish a potential link between the
decay slope and central engine mechanism, they also motivate
further investigation. Several limitations remain, including the
thin-disc approximation and the assumption of purely single-
mechanism models. Future studies should relax these assump-
tions and incorporate multi-band observations, together with
correlations between X-ray afterglows, gravitational wave sig-
nals, and central engine activity. Model refinements that account
for hybrid mechanisms, disc precession and magnetic recon-
nection, supported by new telescopes, improved calibration and
multi-band data, combined with numerical simulations, will be
essential for a more complete understanding of GRB light-
curve formation, enhancing the accuracy of mechanism identifi-
cation and deepening our understanding of the underlying GRB
physics.

A392, page 9 of 12



Zhang, X., et al.: A&A, 707, A392 (2026)

Data availability

Table 1 is available at the CDS via https://cdsarc.cds.
unistra.fr/viz-bin/cat/J/A+A/707/A392.

Acknowledgements. We thank Xiu-Juan Li, Wen-Long Zhang and Cui-Ying
Song for the helpful discussions. This work is supported by Shandong Provin-
cial Natural Science Foundation (ZR2025MS47, ZR2021MAO021), the National
Natural Science Foundation of China (Grant Nos. 12494575, 12473012 and
12494572), the Natural Science Foundation of Jiangxi Province of China (grant
No. 20242BAB26012), the National Natural Science Foundation of China under
grants 12473012 and 12533005, and the National Key R&D Program of China
(No. 2023YFC2205901) and Manned Spaced Project (CMS-CSST-2021-A12).

References

Bardeen, J. M., Press, W. H., & Teukolsky, S. A. 1972, ApJ, 178, 347

Blandford, R. D., & Znajek, R. L. 1977, MNRAS, 179, 433

Chen, W.-X., & Beloborodov, A. M. 2007, ApJ, 657, 383

Dai, Z. G. 2004, ApJ, 606, 1000

Dai, Z. G., & Lu, T. 1998a, Phys. Rev. Lett., 81, 4301

Dai, Z. G., & Lu, T. 1998b, A&A, 333, L87

Di Matteo, T., Perna, R., & Narayan, R. 2002, ApJ, 579, 706

Du, M, Yi, S.-X., Liu, T., Song, C.-Y., & Xie, W. 2021, ApJ, 908, 242

Duncan, R. C., & Thompson, C. 1992, ApJ, 392, L9

Fan, Y.-Z., & Wei, D.-M. 2011, ApJ, 739, 47

Foreman-Mackey, D., Hogg, D. W., Lang, D., & Goodman, J. 2013, PASP, 125,
306

Gao, H., Lei, W.-H., You, Z.-Q., & Xie, W. 2016, ApJ, 826, 141

Genet, F., & Granot, J. 2009, MNRAS, 399, 1328

Hou, S.-J., Liu, T., Gu, W.-M,, et al. 2014, ApJ, 781, L19

Kato, S., Fukue, J., & Mineshige, S. 2008, Black-Hole Accretion Disks —
Towards a New Paradigm

Kocevski, D., Ryde, F., & Liang, E. 2003, ApJ, 596, 389

Kumar, P., Narayan, R., & Johnson, J. L. 2008a, MNRAS, 388, 1729

Kumar, P., Narayan, R., & Johnson, J. L. 2008b, Science, 321, 376

Lee, W. H. 2001, MNRAS, 328, 583

Lee, H. K., & Kim, H. K. 2000, J. Korean Phys. Soc., 36, 188

Lee, H. K., Brown, G. E., & Wijers, R. A. M. J. 2000a, ApJ, 536, 416

Lee, H. K., Wijers, R. A. M. J., & Brown, G. E. 2000b, Phys. Rep., 325, 83

Lei, W.-H., & Zhang, B. 2011, ApJ, 740, L27

Lei, W. H., Wang, D. X., Gong, B. P., & Huang, C. Y. 2007, A&A, 468, 563

Lei, W.-H., Zhang, B., & Liang, E.-W. 2013, AplJ, 765, 125

A392, page 10 of 12

Lei, W.-H., Zhang, B., Wu, X.-F., & Liang, E.-W. 2017, ApJ, 849, 47

Liang, E.-W., Yi, S.-X., Zhang, J., et al. 2010, ApJ, 725, 2209

Lien, A., Sakamoto, T., Barthelmy, S. D, et al. 2016, ApJ, 829, 7

Liu, T., Gu, W.-M,, Xue, L., & Lu, J.-F. 2007, ApJ, 661, 1025

Liu, T, Liang, E.-W., Gu, W.-M,, et al. 2012, ApJ, 760, 63

Liu, T., Hou, S.-J.,, Xue, L., & Gu, W.-M. 2015, ApJS, 218, 12

Liu, T, Song, C.-Y., Zhang, B., Gu, W.-M., & Heger, A. 2018, ApJ, 852, 20

L, H.-J., Zhang, B., Lei, W.-H., Li, Y., & Lasky, P. D. 2015, ApJ, 805, 89

MacFadyen, A. 1., & Woosley, S. E. 1999, AplJ, 524, 262

McKinney, J. C. 2005, ApJ, 630, L5

Mésziaros, P., & Rees, M. J. 1997, AplJ, 482, L29

Metzger, B. D. 2010, MNRAS, 409, 284

Metzger, B. D., Piro, A. L., & Quataert, E. 2008, MNRAS, 390, 781

Narayan, R., Paczynski, B., & Piran, T. 1992, ApJ, 395, L83

Narayan, R., Piran, T., & Kumar, P. 2001, ApJ, 557, 949

Nava, L., Salvaterra, R., Ghirlanda, G., et al. 2012, MNRAS, 421, 1256

Novikov, I. 1998, Gravit. Cosmol., 4, 135

Novikov, I., & Thorne, K. 1973, Black Holes, eds. C. DeWitt, & B. DeWitt

Paczynski, B. 1991, Acta Astron., 41, 257

Popham, R., Woosley, S. E., & Fryer, C. 1999, ApJ, 518, 356

Qu, H.-M.,, & Liu, T. 2022, ApJ, 929, 83

Rosswog, S., Ramirez-Ruiz, E., & Davies, M. B. 2003, MNRAS, 345, 1077

Ruffert, M., Janka, H. T., Takahashi, K., & Schaefer, G. 1997, A&A, 319, 122

Schaefer, B. E. 2007, ApJ, 660, 16

Shakura, N. L., & Sunyaev, R. A. 1973, A&A, 24, 337

Shibata, M., Kyutoku, K., Yamamoto, T., & Taniguchi, K. 2009, Phys. Rev. D,
79, 044030

Song, C.-Y., Liu, T., Gu, W.-M,, et al. 2015, ApJ, 815, 54

Song, C.-Y., Liu, T., Gu, W.-M., & Tian, J.-X. 2016, MNRAS, 458, 1921

Spergel, D. N., Verde, L., Peiris, H. V., et al. 2003, ApJS, 148, 175

Uhm, Z. L., & Zhang, B. 2015, AplJ, 808, 33

Uhm, Z. L., & Zhang, B. 2016, ApJ, 824, L16

Uhm, Z. L., Tak, D., Zhang, B., et al. 2024, ApJ, 963, L30

Woosley, S. E. 1993, ApJ, 405, 273

Wu, X.-F,, Hou, S.-J., & Lei, W.-H. 2013, ApJ, 767, L36

Xie, W., Lei, W.-H., & Wang, D.-X. 2016, ApJ, 833, 129

Xue, L., Liu, T., Gu, W.-M.,, & Lu, J.-F. 2013, ApJS, 207, 23

Yi, S.-X., Xi, S.-Q., Yu, H,, et al. 2016, ApJS, 224, 20

Yi, S.-X., Lei, W.-H., Zhang, B., et al. 2017, J. High Energy Astrophys., 13, 1

Yi, S.-X., Xie, W., Ma, S.-B., Lei, W.-H., & Du, M. 2021, MNRAS, 507, 1047

Yi, S.-X., Du, M., & Liu, T. 2022, ApJ, 924, 69

Yonetoku, D., Murakami, T., Nakamura, T., et al. 2004, ApJ, 609, 935

Zalamea, 1., & Beloborodov, A. M. 2011, MNRAS, 410, 2302

Zhang, W., Woosley, S. E., & MacFadyen, A. 1. 2003, ApJ, 586, 356

Zhang, B., Fan, Y. Z., Dyks, J., et al. 2006, ApJ, 642, 354


https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/707/A392
https://cdsarc.cds.unistra.fr/viz-bin/cat/J/A+A/707/A392
http://linker.aanda.org/10.1051/0004-6361/202556841/1
http://linker.aanda.org/10.1051/0004-6361/202556841/2
http://linker.aanda.org/10.1051/0004-6361/202556841/3
http://linker.aanda.org/10.1051/0004-6361/202556841/4
http://linker.aanda.org/10.1051/0004-6361/202556841/5
http://linker.aanda.org/10.1051/0004-6361/202556841/6
http://linker.aanda.org/10.1051/0004-6361/202556841/7
http://linker.aanda.org/10.1051/0004-6361/202556841/8
http://linker.aanda.org/10.1051/0004-6361/202556841/9
http://linker.aanda.org/10.1051/0004-6361/202556841/10
http://linker.aanda.org/10.1051/0004-6361/202556841/11
http://linker.aanda.org/10.1051/0004-6361/202556841/11
http://linker.aanda.org/10.1051/0004-6361/202556841/12
http://linker.aanda.org/10.1051/0004-6361/202556841/13
http://linker.aanda.org/10.1051/0004-6361/202556841/14
http://linker.aanda.org/10.1051/0004-6361/202556841/16
http://linker.aanda.org/10.1051/0004-6361/202556841/17
http://linker.aanda.org/10.1051/0004-6361/202556841/18
http://linker.aanda.org/10.1051/0004-6361/202556841/19
http://linker.aanda.org/10.1051/0004-6361/202556841/20
http://linker.aanda.org/10.1051/0004-6361/202556841/21
http://linker.aanda.org/10.1051/0004-6361/202556841/22
http://linker.aanda.org/10.1051/0004-6361/202556841/23
http://linker.aanda.org/10.1051/0004-6361/202556841/24
http://linker.aanda.org/10.1051/0004-6361/202556841/25
http://linker.aanda.org/10.1051/0004-6361/202556841/26
http://linker.aanda.org/10.1051/0004-6361/202556841/27
http://linker.aanda.org/10.1051/0004-6361/202556841/28
http://linker.aanda.org/10.1051/0004-6361/202556841/29
http://linker.aanda.org/10.1051/0004-6361/202556841/30
http://linker.aanda.org/10.1051/0004-6361/202556841/31
http://linker.aanda.org/10.1051/0004-6361/202556841/32
http://linker.aanda.org/10.1051/0004-6361/202556841/33
http://linker.aanda.org/10.1051/0004-6361/202556841/34
http://linker.aanda.org/10.1051/0004-6361/202556841/35
http://linker.aanda.org/10.1051/0004-6361/202556841/36
http://linker.aanda.org/10.1051/0004-6361/202556841/37
http://linker.aanda.org/10.1051/0004-6361/202556841/38
http://linker.aanda.org/10.1051/0004-6361/202556841/39
http://linker.aanda.org/10.1051/0004-6361/202556841/40
http://linker.aanda.org/10.1051/0004-6361/202556841/41
http://linker.aanda.org/10.1051/0004-6361/202556841/42
http://linker.aanda.org/10.1051/0004-6361/202556841/44
http://linker.aanda.org/10.1051/0004-6361/202556841/45
http://linker.aanda.org/10.1051/0004-6361/202556841/46
http://linker.aanda.org/10.1051/0004-6361/202556841/47
http://linker.aanda.org/10.1051/0004-6361/202556841/48
http://linker.aanda.org/10.1051/0004-6361/202556841/49
http://linker.aanda.org/10.1051/0004-6361/202556841/50
http://linker.aanda.org/10.1051/0004-6361/202556841/51
http://linker.aanda.org/10.1051/0004-6361/202556841/51
http://linker.aanda.org/10.1051/0004-6361/202556841/52
http://linker.aanda.org/10.1051/0004-6361/202556841/53
http://linker.aanda.org/10.1051/0004-6361/202556841/54
http://linker.aanda.org/10.1051/0004-6361/202556841/55
http://linker.aanda.org/10.1051/0004-6361/202556841/56
http://linker.aanda.org/10.1051/0004-6361/202556841/57
http://linker.aanda.org/10.1051/0004-6361/202556841/58
http://linker.aanda.org/10.1051/0004-6361/202556841/59
http://linker.aanda.org/10.1051/0004-6361/202556841/60
http://linker.aanda.org/10.1051/0004-6361/202556841/61
http://linker.aanda.org/10.1051/0004-6361/202556841/62
http://linker.aanda.org/10.1051/0004-6361/202556841/63
http://linker.aanda.org/10.1051/0004-6361/202556841/64
http://linker.aanda.org/10.1051/0004-6361/202556841/65
http://linker.aanda.org/10.1051/0004-6361/202556841/66
http://linker.aanda.org/10.1051/0004-6361/202556841/67
http://linker.aanda.org/10.1051/0004-6361/202556841/68
http://linker.aanda.org/10.1051/0004-6361/202556841/69

Zhang, X., et al.: A&A, 707, A392 (2026)

Appendix A: Figures
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Fig. A.1. Light-curve fitting of 85 GRBs using the KRL function (red lines). The dotted lines indicate the pulse start and end times. The data have
been corrected for redshift, and the observed data are shown in grey.
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