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A B S T R A C T 

Long-duration gamma-ray bursts (GRBs) are thought to be from core collapse of massive stars, and a rapidly spinning magnetar 
or black hole may be formed as the central engine. The extended emission in the prompt emission, flares, and plateaus in X-ray 

afterglow, are proposed to be as the signature of central engine re-activity. However, the direct evidence from observations of 
identifying the central engines remains an open question. In this paper, we systemically search for long-duration GRBs that consist 
of bumps in X-ray afterglow detected by Swift /XRT and find that the peak time of the X-ray bumps exhibit bimodal distribution 

(defined as ‘early’ and ‘late’ bumps) with division line at t = 7190 s. Although we cannot rule out that such a bimodality arises 
from selection effects. We proposed that the long-duration GRBs with an early (or late) bumps may be originated from the 
fall-back accretion onto a new-born magnetar (or black hole). By adopting Monte Carlo Markov Chain (MCMC) method to 

fit the early (or late) bumps of X-ray afterglow with the fall-back accretion of magnetar (or black hole), it is found that the 
initial surface magnetic field and period of magnetars for most early bumps are clustered around 5 . 88 × 10 

13 G and 1.04 ms, 
respecti vely. Meanwhile, the deri ved accretion mass of black hole for late bumps is in the range of [4 × 10 

−4 , 1 . 8 × 10 

−2 ] M �, 
and the typical fall-back radius is distributed range of [1 . 04 , 4 . 23] × 10 

11 cm, which is consistent with the typical radius of a 
Wolf–Rayet star. Ho we ver, we also find that the fall-back accretion magnetar model is disfa v oured by the late b umps, b ut the 
fall-back accretion of black hole model cannot be ruled out to interpret the early bumps of X-ray afterglow. 

Key words: (transients:) gamma-ray bursts. 
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 I N T RO D U C T I O N  

n general, it is believed that gamma-ray bursts (GRBs) originated
rom the collapsar of massive stars or the merger of double compact
tars (Eichler et al. 1989 ; Woosley 1993 ; MacFadyen & Woosley
999 ; Zhang 2018 ). Within both the collapsar and compact-star
erger models, a hyperaccretion black hole or a rapidly spinning,

trongly magnetized neutron star (millisecond magnetar) as the
entral engine may be formed, and it launches a relativistic outflow
Usov 1992 ; Dai & Lu 1998a , b ; Popham, Woosley & Fryer 1999 ;
arayan, Piran & Kumar 2001 ; Zhang & M ́esz ́aros 2001 ; Fan & Xu
006 ; Chen & Beloborodov 2007 ; Metzger et al. 2010 ; Lei, Zhang &
iang 2013 ; L ̈u & Zhang 2014 ; L ̈u et al. 2015 ). The observed prompt
amma-ray emission is explained by the fireball internal shocks
Rees & Meszaros 1994 ), dissipated photosphere models (Thompson
994 ; Rees & M ́esz ́aros 2005 ; Pe’er, M ́esz ́aros & Rees 2006 ), and the
nternal-collision-induced magnetic re-connection and turbulence
ICMART) model (Zhang & Yan 2011 ). The broad-band afterglow
mission is produced from forward and rev erse e xternal shocks when
he fireball is decelerated by a circumburst medium (M ́esz ́aros &
ees 1997 ; Sari, Piran & Narayan 1998 ; Kobayashi 2000 ; M ́esz ́aros
002 ; Zhang & M ́esz ́aros 2004 ; Zhang, L ̈u & Liang 2016 ). 
 E-mail: lhj@gxu.edu.cn 
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Ho we ver, ho w to identify the central engine (black hole or
agnetar) of GRBs remain an open question (Zhang 2011 ). From

he observational point of view, some GRBs have been discovered
o exhibit a plateau emission component or an extremely steep drop
ollowing the plateau (known as internal plateaus) in their X-ray
fterglows (O’Brien et al. 2006 ; Zhang et al. 2006 ; Liang, Zhang &
hang 2007 ; Troja et al. 2007 ; Lyons et al. 2010 ; Rowlinson et al.
010 , 2013 ; L ̈u & Zhang 2014 ; L ̈u et al. 2015 ), which is consistent
ith millisecond magnetar central engine (Usov 1992 ; Dai & Lu
998a , b ; Zhang & M ́esz ́aros 2001 ). On the other hand, non-plateau
mission in the afterglows, the released energy of GRB exceeded the
nergy budget of magnetar, or the later giant bump in the afterglows,
re inconsistent with the magnetar central, but can be interpreted
y black hole central engine, such as GRBs 121027A and 111209A
Kumar, Narayan & Johnson 2008 ; Wu, Hou & Lei 2013 ; Yu et al.
015 ; L ̈u et al. 2018 ; Zhao et al. 2021 ). 
From the theoretical point of view, Zhang & Dai ( 2008 , 2009 )

nvoked a new-born neutron star surrounded by hyperaccretion and
eutrino cooling disc to produce both GRB jet and observed plateau
mission. Within this scenario, Dai & Liu ( 2012 ) proposed a hyperac-
retion fall-back disc around a newborn millisecond magnetar model
o produce a significant brightening of an early afterglow (early X-
ay bump) when magnetar is spin-up due to a sufficient angular
omentum of the accreted matter transferred to the magnetar. If
© 2024 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 

provided the original work is properly cited. 
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he central engine is a black hole, a giant X-ray or optical bump
an be produced via the fall-back of black hole when the duration
nd accretion rate of black hole fallback are long and large enough,
espectively (Wu et al. 2013 ; Yu et al. 2015 ; L ̈u et al. 2018 ; Zhao
t al. 2021 ). If this is the case, different types of central engine
f GRBs may produce different characteristics of X-ray or optical 
fterglows. 

In this paper, we systematically search for long-duration GRBs 
ith an early and later X-ray bumps emission from the Swift -X-
ay Telescope (XRT) GRB sample, and try to interpret both early 
nd later X-ray bumps by invoking fall-back accretion of magnetar 
nd black hole, respectively. The criteria of sample selection and 
he data reduction are presented in Section 2 . In Section 3 , we
escribed the basic models of both spin-up of magnetar fall-back 
nd the black hole fall-back accretion. We apply the two models 
o fit the early and later X-ray afterglow of GRBs, respectively, in
ection 4. Our conclusions and discussion are given in Section 5 .
hroughout the paper, a concordance cosmology with parameters 
 0 = 71 km s −1 Mpc −1 , �M 

= 0 . 30, and �� 

= 0 . 70 is adopted. 

 DATA  R E D U C T I O N  A N D  SAMPLE  

E LECTION  CRITERIA  

he XRT data are downloaded from the Swift data archive (Evans
t al. 2007 ). 1 Our entire sample includes more than 1718 GRBs
bserved by Swift /XRT between 2005 January and 2023 July. We 
nly focus on the long-duration GRBs with the bump emission in X-
ay afterglow and analyse 1043 long-duration GRBs. Among these, 
54 GRBs are too faint to be detected in the X-ray band, or do not
ave enough photons to extract a reasonable X-ray light curve. Then, 
e select the GRBs that X-ray emission exhibit the feature of rise

nd fall and adopt a smooth broken power-law function to fit (Liang
t al. 2007 ; L ̈u et al. 2022 ), 

 1 ( t) = F 01 

[(
t 

t p 

)ωα1 

+ 

(
t 

t p 

)ωα2 
]−1 /ω 

, (1) 

 2 ( t) = 

(
F 

−ω 1 
1 + F 

−ω 1 
3 

)−1 /ω 1 
, (2) 

 3 ( t) = F 2 ( t b , 2 ) 

(
t 

t b , 2 

)−α3 

, (3) 

where fixed ω = ω 1 = 3 represents the sharpness of the peak and
 p , α1 , and α2 are the peak time, and the rising and decay slopes of
-ray variability, respectively. 
Since the X-ray flares have been disco v ered in a good fraction of

wift GRBs (Burrows et al. 2005 ; Chincarini et al. 2007 ; Margutti
t al. 2010 ). Their light curves are typically narrow and show rapid
ise and fall with steep rising and decaying indices. This feature of
-ray flares is similar to that of prompt emission and suggests that

he X-ray flares are likely to share a similar mechanism with the
rompt emission, such as internal dissipation of long-lasting central 
ngine activity (Burrows et al. 2005 ; Liang et al. 2006 ; Nousek et al.
006 ; Zhang et al. 2006 ; Troja et al. 2015 ; Yi et al. 2016 ). Yi et al.
 2016 ) performed a systematic study of X-ray flares observed by
wift to obtain the rising and decaying indices and found that the
ising and decaying indices of those flares are larger or much larger
han 3. While we find that a small fraction of GRBs x-ray afterglow
hose rising and decaying indices are less than 3 (called X-ray 
ump). It means that the physical origin of those X-ray bumps may
e different from that of X-ray flares, and it is possible related to the
 http:// www.swift.ac.uk/ archive/ obs.php?burst = 1 . 2
entral central engine, e.g. spin-up of magnetar or fall-back of black
ole. 
In general, the X-ray emission of GRBs is very complicated Zhang

t al. ( 2006 ). Since the steep decay segment with a power-law decay
s from the curvature effect as the prompt emission tail. The light
urves of X-rays are considered to fit by the initial steep decay
omponent, afterglow component (e.g. from external shock) with 
ower-law decay, smooth broken power-law segment (bumps), as 
ell as the post-jet segment if it needs possible. Our sample does
ot include the cases in Yi et al. ( 2016 ), who performed a systematic
tudy and defined the X-ray flares. So that, excepting the GRBs
hat are in Yi et al. 2016 , three criteria are adopted for our sample
election. (i) the rising and decay slopes of X-ray bumps are required
o be less than that of X-ray flares defined in Yi et al. ( 2016 ). (ii)
he duration of X-ray bumps should be longer and wider than that of
-ray flares in Yi et al. ( 2016 ). (iii) in order to extract the X-ray light

urv e, the observ ed X-ray light curv e should be at least more than
 data points. By accepting the abo v e criteria, our sample therefore
nly comprises 28 long-duration GRBs, including 17 GRB with 
edshift measured. Fig. 1 shows two examples of the fitting results
ith smooth broken power-law function and other components. 2 

he fitting results are presented in Table 1 , it includes the rising and
ecay slopes of bumps, peak times, and the start and end times of
umps. 

Fitting the X-ray light curve with a broken power-law model, one
nds that peak time of X-ray bumps exhibits bimodal distribution 
ith peak times as t p , 1 = 1273 ± 686 s and t p , 2 = 21752 ± 8566 s,

especti vely. The di vision line is at t = 7190 s (see Fig. 1 ). So that,
e classify the X-ray bumps as two categories, e.g. ‘early’ bumps
ith t p < 7190 s, and ‘late’ bumps with t p > 7190 s, respectively.
oreo v er, one needs to clarify that the bimodal distribution of peak

imes can be affected by the selection effect, namely, the number of
hat we selected sample may be a sun-class of total GRBs observed
y Swift /XRT. On the other hand, it is also possible affected by the
heltering from Earth, namely, the dip of bimodal distribution of 
pparent peak times is possible caused by the selection effect due to
heltered time from Earth. 

 M O D E L S  DESCRI PTI ON  O F  M AG N E TA R  A N D  

LACK  H O L E  FA LL-BACK  AC C R E T I O N  

n this section, we will present more details in theory for fall-back
ccretion onto a new-born magnetar and black hole, respectively. 

.1 Hyperaccretion fall-back disc around a newborn 

illisecond magnetar model 

 millisecond magnetar may survive as the central engine of long-
uration GRBs after the massive star collapse. A small fraction of
jecta cannot escape from the system due to the gravity of central
agnetar, and it will fall back to the surface of magnetar. If this is the

ase, the central magnetar will spin up again when the accumulated 
aterials on the surface of magnetar is large enough. The fall-back

ccretion onto a new-born magnetar is also used to interpret the
arly X-ray and optical bumps in the GRB afterglow (Dai & Lu
998a , b ; Dai & Liu 2012 ; Yu et al. 2015 ; Zhong et al. 2016 ). Roughly
stimated, the minimum time-scale of fall-back is equal to free-fall 
ime-scale. In fact, the time-scale of fall-back is affected by many
actors (MacF adyen, Woosle y & He ger 2001 ; Dai & Liu 2012 ). In our
MNRAS 535, 2482–2493 (2024) 

 https:// astro.gxu.edu.cn/ info/ 1062/ 2243.htm 

http://www.swift.ac.uk/archive/obs.php?burst=1
https://astro.gxu.edu.cn/info/1062/2243.htm
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Figure 1. (a) X-ray light curves of our total sample. (b) Fits of our sample with the broken power-law model. (c) Histogram of the peak time distribution for 
our sample. The dashed lines are the Gaussian fits. (d) X-ray light curves of early bumps. (e) X-ray light curves of late bumps. 
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alculations, we adopt t 0 ∼ 10 2 s, which is derived from numerical
imulations as the starting time of materials fall-back (MacFadyen
t al. 2001 ). 
NRAS 535, 2482–2493 (2024) 

M

Following the method in MacFadyen et al. ( 2001 ) and Zhang &
ai ( 2008 ), the acceleration rate of fall-back can be expressed as 

˙
 = 

(
Ṁ 

−1 
early + Ṁ 

−1 
late 

)−1 
, (4) 
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Table 1. The fitting results of our sample with smooth broken power-law model. 

GRB T 90 T start T end t p α1 α2 z References a 

Name (s) (s) (s) (s) 

Early bump 
051016B 4.0 320 13 500 776 + 703 

−263 0 . 80 + 0 . 07 
−0 . 05 −1 . 86 + 0 . 25 

−0 . 31 0.9364 (1) 

060206 7.0 1200 12 900 3981 + 1030 
−818 1 . 26 + 0 . 04 

−0 . 04 −2 . 15 −1 . 15 
0 . 82 4.048 (2) 

070208 48.0 180 14 000 954 + 45 
−63 1 . 52 + 0 . 21 

−0 . 30 −1 . 85 + 0 . 01 
−0 . 05 1.165 (3) 

090429B 5.5 120 16 800 588 + 262 
−121 1 . 20 + 0 . 15 

−0 . 12 −1 . 36 + 0 . 28 
−1 . 21 9.4 (4) 

091029 39.2 525 18 900 1548 + 2524 
−1202 0 . 49 + 0 . 09 

−0 . 06 −1 . 71 + 0 . 20 
−0 . 15 2.752 (5) 

120118B 23.3 320 11 000 1659 + 290 
−247 1 . 01 0 . 12 

0 . 10 −1 . 21 + 0 . 16 
−0 . 39 2.943 (6) 

120213A 48.9 620 12 000 3096 + 298 
−336 2 . 41 + 0 . 36 

−0 . 32 −1 . 19 + 0 . 14 
−0 . 34 – –

120224A 8.1 220 19 000 1071 + 227 
−220 0 . 78 + 0 . 08 

−0 . 06 −1 . 16 + 0 . 12 
−0 . 34 – –

121209A 42.7 100 7000 707 + 104 
−76 1 . 23 + 0 . 06 

−0 . 06 −1 . 17 + 0 . 13 
−0 . 33 – –

140515A 23.4 580 14 800 2691 + 470 
−179 1 . 03 + 0 . 08 

−0 . 06 −2 . 90 + 0 . 79 
−0 . 61 6.32 (7) 

150911A 7.2 280 24 800 1479 + 811 
−330 1 . 29 + 0 . 64 

−0 . 27 −1 . 49 + 1 . 38 
−1 . 05 – –

161129A 35.53 100 25 000 1412 + 172 
−153 2 . 02 + 0 . 22 

−0 . 22 −1 . 07 + 0 . 05 
−0 . 18 0.645 (8) 

170202A 46.2 300 59 300 933 + 163 
−138 0 . 91 + 0 . 03 

−0 . 04 −1 . 31 + 0 . 21 
−0 . 35 3.645 (9) 

170822A 64.0 500 19 300 2344 + 167 
−156 1 . 72 + 0 . 10 

−0 . 11 −1 . 14 + 0 . 10 
−0 . 28 – –

181110A 138.4 400 36 300 1659 + 290 
−247 1 . 72 + 0 . 13 

−0 . 10 −1 . 52 + 0 . 39 
−0 . 89 1.505 (10) 

190829A 58.2 500 56 300 1380 + 65 
−31 1 . 14 −0 . 02 

+ 0 . 02 −2 . 93 + 0 . 31 
−0 . 32 0.078 (11) 

200917A 19.4 1000 36 300 2754 + 793 
−355 1 . 17 + 0 . 20 

−0 . 17 −2 . 55 + 1 . 07 
−0 . 97 – –

201128A 5.41 150 7300 457 + 58 
−131 0 . 80 + 0 . 15 

−0 . 07 −1 . 80 + 1 . 02 
−0 . 27 – –

220117A 49.8 350 13 200 1380 + 133 
−121 1 . 55 + 0 . 09 

−0 . 08 −1 . 31 + 0 . 21 
−0 . 35 4.961 (12) 

Late bump 

071010A 6.0 35 000 533 200 52480 + 7775 
−51433 1 . 54 + 0 . 32 

−0 . 41 −2 . 16 + 2 . 16 
−1 . 11 0.98 (13) 

081028 260.0 9800 233 200 22387 + 1055 
−1007 1 . 83 + 0 . 08 

−0 . 08 −1 . 73 + 0 . 25 
−0 . 29 3.038 (14) 

100901A 439.0 9680 33 320 23442 + 1104 
−1564 1 . 35 + 0 . 05 

−0 . 07 −1 . 12 + 0 . 09 
−0 . 23 1.408 (15) 

120215A 26.5 5160 53 200 10964 + 2217 
−1632 1 . 07 + 0 . 24 

−0 . 17 −2 . 11 + 0 . 71 
−1 . 07 – –

120326A 69.6 9560 330 200 35481 + 1672 
−12039 1 . 53 + 0 . 11 

−0 . 19 −1 . 11 + 0 . 08 
−1 . 00 1.798 (16) 

130807A 37.7 3260 100 200 10471 + 2117 
−2153 1 . 21 + 0 . 27 

−0 . 22 −1 . 64 + 0 . 44 
−1 . 06 – –

131018A 73.2 4350 100 000 7413 + 1707 
−1387 0 . 65 + 0 . 12 

−0 . 11 −1 . 88 + 0 . 71 
−1 . 43 – –

150626B 48.0 5090 60 000 20892 + 1494 
−1394 2 . 18 + 0 . 17 

−0 . 17 −1 . 32 + 0 . 22 
−0 . 43 – –

230414B 25.9 6490 69 500 21379 + 3167 
−2758 1 . 73 + 0 . 15 

−0 . 13 −1 . 27 + 0 . 34 
−0 . 03 3.568 (17) 

Note. a The references of redshift for our sample. (1) Soderber g, Ber ger & Ofek ( 2005 ); (2) Fynbo et al. ( 2006 ); (3) Cucchiara et al. ( 2007 ); (4) Cucchiara et al. 
( 2011 ); (5) Chornock, Perley & Cobb ( 2009 ); (6) Malesani et al. ( 2013 ); (7) Chornock, Fox & Berger ( 2014 ); (8) Cano et al. ( 2016 ); (9) Palmerio et al. ( 2017 ); 
(10) Perley et al. ( 2018 ); (11) Lipunov et al. ( 2019 ); (12) Palmerio et al. ( 2022 ); (13) Prochaska et al. ( 2007 ); (14) Berger et al. ( 2008 ); (15) Chornock et al. 
( 2010 ); (16) Tello et al. ( 2012 ); (17) Agui Fernandez et al. ( 2023 ). 
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here 

˙
 early = 10 −3 ηmag t 

1 / 2 M � s −1 (5) 

nd 

˙
 late = 10 −3 ηmag t 1 

13 / 6 t −5 / 3 M � s −1 . (6) 

ere, ηmag ∼ 0 . 01 –10 is a factor that accounts for different explosion
nergies, and t 1 ∼ 200 –1000 s is similar to the time of peak flux of
adiation generated by fall-back accretion (longer t 1 corresponding to 
maller ηmag ). One roughly estimates Ṁ ∝ t −5 / 3 if t � t 1 (Che v alier
989 ). The gravitational mass ( M) of the central magnetar can be
btained as Dai & Liu ( 2012 ), 

 = M b ( t) 

[
1 + 

3 

5 

GM b ( t) 

R s c 2 

]
, (7) 

nd 

 b ( t) = M 0 + 

∫ t 

0 
Ṁ d t, (8) 
ere, R s and M 0 are the radius and the initial baryonic mass of the
agnetar, respectively, M b is the total baryonic mass of magnetar at

ime t . 
Based on the results of Dai & Liu ( 2012 ), three radii are defined

ithin the accretion disc, e.g. co-rotation radius ( r c ), magnetospheric
adius ( r m 

), and radius of light cylinder ( R L ). The r c is defined as
ollowing when the rotating angular velocity ( �s ) of the central
ngine is equal to Keplerian angular velocity ( �k ), 

 c = 

(
GM 

�2 
s 

)1 / 3 

. (9) 

he magnetospheric radius r m 

is 

 m 

= 

(
μ4 

GM Ṁ 

2 

)1 / 7 

, (10) 

here μ = B 0 R 

3 
s is the magnetic dipole moment of the magnetar,

nd B 0 is the initial surface magnetic field of magnetar. The radius
MNRAS 535, 2482–2493 (2024) 
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Table 2. The MCMC fitting results of early bump subsample with fall-back accretion of magnetar. 

GRB 

a log t 1 log ηmag log (B 0 ) P 0 

Name (s) (G) (ms) 

051016B 2 . 60 + 0 . 11 
−0 . 11 −2 . 06 + 0 . 18 

−0 . 22 13 . 69 + 0 . 04 
−0 . 04 1 . 11 + 0 . 13 

−0 . 12 

060206 3 . 49 + 0 . 02 
−0 . 02 −1 . 88 + 0 . 02 

−1 . 88 13 . 72 + 0 . 03 
−0 . 02 1 . 48 + 0 . 34 

−0 . 35 

070208 2 . 13 + 0 . 12 
−0 . 09 −1 . 12 + 0 . 16 

−0 . 23 13 . 74 + 0 . 02 
−0 . 02 1 . 34 + 0 . 30 

−0 . 20 

090429B 2 . 67 + 0 . 08 
−0 . 07 −0 . 77 + 0 . 07 

−0 . 07 14 . 00 + 0 . 04 
−0 . 05 0 . 57 + 0 . 10 

−0 . 05 

091029 3 . 26 + 0 . 06 
−0 . 04 −1 . 88 + 0 . 04 

−0 . 05 13 . 73 + 0 . 03 
−0 . 03 15 . 42 + 10 . 33 

−6 . 71 

120118B 2 . 58 + 0 . 21 
−0 . 13 −1 . 83 + 0 . 24 

−0 . 43 13 . 60 + 0 . 03 
−0 . 03 1 . 19 + 0 . 25 

−0 . 18 

120213A 

∗ 3 . 36 + 0 . 03 
−0 . 03 −2 . 16 + 0 . 04 

−0 . 04 13 . 96 + 0 . 03 
−0 . 06 1 . 33 + 0 . 45 

−0 . 32 

120224A 

∗ 2 . 76 + 0 . 24 
−0 . 20 −2 . 03 + 0 . 31 

−0 . 31 13 . 58 + 0 . 03 
−0 . 03 0 . 82 + 0 . 09 

−0 . 10 

121209A 

∗ 2 . 15 + 0 . 28 
−0 . 12 −1 . 05 + 0 . 34 

−0 . 51 13 . 78 + 0 . 03 
−0 . 05 0 . 80 + 0 . 42 

−0 . 13 

140515A 3 . 50 + 0 . 04 
−0 . 04 −1 . 81 + 0 . 03 

−0 . 04 13 . 82 + 0 . 04 
−0 . 05 1 . 85 + 0 . 77 

−0 . 75 

150911A 

∗ 2 . 69 + 0 . 06 
−0 . 05 −1 . 51 + 0 . 06 

−0 . 07 13 . 80 + 0 . 01 
−0 . 01 8 . 49 + 4 . 36 

−3 . 91 

161129A 3 . 04 + 0 . 03 
−0 . 04 −1 . 76 + 0 . 03 

−0 . 03 13 . 96 + 0 . 03 
−0 . 05 0 . 90 + 0 . 06 

−0 . 05 

170202A 2 . 74 + 0 . 05 
−0 . 04 −1 . 20 + 0 . 06 

−0 . 06 13 . 67 + 0 . 044 
−0 . 03 0 . 47 + 0 . 10 

−0 . 06 

170822A 

∗ 3 . 13 + 0 . 07 
−0 . 05 −1 . 87 + 0 . 02 

−0 . 02 13 . 78 + 0 . 07 
−0 . 04 0 . 98 + 0 . 27 

−0 . 14 

181110A 3 . 08 + 0 . 11 
−0 . 06 −1 . 55 + 0 . 03 

−0 . 04 13 . 92 + 0 . 17 
−0 . 04 1 . 62 + 0 . 28 

−0 . 40 

190829A 2 . 92 + 0 . 02 
−0 . 02 −2 . 21 + 0 . 01 

−0 . 02 13 . 86 + 0 . 02 
−0 . 01 9 . 75 + 0 . 32 

−0 . 44 

200917A 

∗ 3 . 02 + 0 . 09 
−0 . 08 −2 . 09 + 0 . 08 

−0 . 09 13 . 61 + 0 . 04 
−0 . 04 15 . 13 + 9 . 88 

−8 . 69 

201128A 

∗ 2 . 32 + 0 . 12 
−0 . 11 −1 . 43 + 0 . 15 

−0 . 19 13 . 82 + 0 . 02 
−0 . 04 1 . 20 + 0 . 15 

−0 . 15 

220117A 2 . 74 + 0 . 07 
−0 . 03 −0 . 92 + 0 . 05 

−0 . 07 13 . 83 + 0 . 04 
−0 . 03 0 . 58 + 0 . 53 

−0 . 06 

Note. a No redshift measured of our subsample are mark with [ ∗], and we adopt z = 1 to do the MCMC fits. 
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f the light cylinder is defined as, 

 L = 

c 

�s 
. (11) 

or simple calculations, one define the fastness parameter as 

 = 

�s 

�K ( r m 

) 
= 

(
r m 

r c 

)3 / 2 

. (12) 

o that, the net torque e x erted on the magnetar by the accretion disc
eads as 3 

acc = n ( ε, ω) 
μ2 

r 3 m 

, (13) 

here ε = ( r m 

/R L ) 3 / 2 , and n ( ε, ω) is the dimensionless torque
arameter, 

 ( ε, ω) = 

{
(2 − 2 ε + 6 ω + 3 ε2 ω) / (9 ω) , ω < 1 , 
(2 − 2 ε + 6 ω + 3 ε2 ω − 9 ω 

2 ) / (9 ω) , ω ≥ 1 . 

The spin evolution is given by the following differential equation, 

d( I �s ) 

d t 
= τacc + τdip , (14) 

here I = 0 . 35 MR 

2 
s is the stellar moment of inertia, and τdip is the

orque due to magnetic dipole radiation and the inclination angle ( χ )
etween the magnetic axis and rotation axis, 

dip = −μ2 �3 
s sin 2 χ

6 c 3 
= −μ2 sin 2 χ

6 R 

3 
L 

. (15) 
NRAS 535, 2482–2493 (2024) 

 Here, we do not consider the propellor effects of magnetar, which are 
uggested by (Piro & Ott 2011 ), and it is required due to a high-magnetic 
eld of magnetar (e.g. ∼5 × 10 14 G). More details can also refer to (Yu et al. 
024 ). 

M

w
d  

p

y solving abo v e equations, one can get the luminosity of magnetic-
ipole-radiation as a function of time (Shapiro & Teukolsky 1983 ), 

 dip = 

μ2 �4 
s sin 2 χ

6 c 3 

= 9 . 6 × 10 48 erg s −1 sin 2 χ

(
μ

10 33 G cm 

3 

)2 (
P 0 

1 ms 

)−4 

. (16) 

ere, P 0 is the initial period of magnetar. 

.2 Black hole fall-back accretion model 

lternatively, a black hole may be formed as the central engine of
ong-duration GRBs after the massive star core collapse. The GRB jet
an be powered by annihilating between neutrinos and antineutrinos
hat can carry the accretion energy in the disc or extracting the spin
nergy of the black hole, which can be tapped by a magnetic field
onnecting the outer world through the Blandfordd–Znajek (BZ)
echanism (Blandford & Znajek 1977 ). The fall-back accretion into

lack hole is also adopted to interpret the late X-ray and optical
umps in the GRB afterglow (Wu et al. 2013 ; Chen et al. 2017 ; Lei
t al. 2017 ; Zhao et al. 2021 ). 

The time-scale of fall-back is approximately equal to the free-fall
ime-scale, t fb ∼

(
π2 r 3 fb / 8 GM •

)1 / 2 
, where M • is the mass of black

ole, r fb is the radius of progenitor. The evolution of the fall-back
ccretion rate can be described by a broken power-law function of
ime (Che v alier 1989 ; MacFadyen et al. 2001 ), 

˙
 = Ṁ p 

[ 

1 

2 

(
t − t 0 

T p − t 0 

)−s/ 2 

+ 

1 

2 

(
t − t 0 

T p − t 0 

)5 s/ 3 
] − 1 

s 

, (17) 

here t 0 is the beginning time of the fall-back accretion, and s 
escribes the sharpness of the peak. T p and Ṁ p are the peak time and
eak rate of fall-back accretion, respectively. 
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4 Jakobsson et al. ( 2006 ) found that the mean redshift is z ∼ 2 . 8 for a small 
GRB samples. The different pseudo-redshift that we adopt is indeed making a 
huge difference of inferred energetics, and it can affect the inferred parameters 
of fall-back accretion in both magnetar and black hole. 
5 https:// astro.gxu.edu.cn/ info/ 1062/ 2244.htm 
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Based on the results of references (Lee, Wijers & Brown 2000 ; Li
000 ; Wang, Xiao & Lei 2002 ; McKinney 2005 ; Lei & Zhang 2011 ;
hen et al. 2017 ; Liu, Gu & Zhang 2017 ), the BZ power from a kerr
lack hole can be estimated as, 

˙
 BZ = L BZ = 1 . 7 × 10 50 a •2 M •2 B •, 15 

2 F ( a •) erg s −1 , (18) 

here M • is the mass of black hole with unit of M �, B •, 15 =
 •/ 10 15 G is the magnetic filed, a • = J •c/ ( G M •2 ) and J • are the

pin and angular momentum of black hole, respectively. 

 ( a •) = [(1 + q 2 ) /q 2 ][( q + 1 /q) arctan q − 1] . (19) 

ere, q = a •/ (1 + 

√ 

1 − a 2 •). The range of spin parameter is 0 ≤
 • ≤ 1, so that, one has 2 / 3 ≤ F ( a •) ≤ π − 2. By assuming that
he magnetic field pressure of the BH and the ram pressure ( P ram 

)
f the innermost parts of an accretion flow are in balance, one has
oderski, Sikora & Lasota ( 1997 ) 

B 

2 
•

8 π
= P ram 

∼ pc 2 ∼ Ṁ c 

4 πr 2 •
, (20) 

here r • = (1 + 

√ 

1 − a 2 •) r g is the radius of the BH horizon and
 g = GM •/c 2 . Combining with equations ( 17 ), ( 18 ), and ( 19 ), B •
nd L BZ can be rewritten as 

 • ≈ 7 . 4 × 10 16 Ṁ 

1 / 2 M 

−1 
•

(
1 + 

√ 

1 − a 2 •

)−1 

G. (21) 

 BZ = 9 . 3 × 10 53 a 2 •Ṁ X( a •) erg s −1 , (22) 

here 

( a •) = F ( a •) / 

(
1 + 

√ 

1 − a 2 •

)2 

. (23) 

Within the scenario of the energy conservation and angular 
omentum conservation, there are two teams of the evolution 

quation of BH in the BZ model, i.g., spin-up by accretion and
pin-down by the BZ mechanism (Wang et al. 2002 ), 

d M •c 2 

d t 
= Ṁ c 2 E ms − L BZ (24) 

d J •
d t 

= Ṁ L ms − T BZ (25) 

d a •
d t 

= ( Ṁ L ms − T BZ ) c/ ( G M •2 ) − 2 a •( Ṁ c 2 E ms − L BZ ) / ( M •c 2 ) , 

(26) 

here T BZ is the total magnetic torque that applied to BH (Li 2000 ;
ei & Zhang 2011 ; Lei et al. 2017 ), 

 BZ = 

4 GM •L BZ 

(
1 + 

√ 

1 − a 2 •
)

a •c 3 
. (27) 

n equations ( 23 ) and ( 24 ), E ms and L ms are the specific energy and
ngular momentum, which are corresponding to the innermost radius 
 r ms ) of the disc, and defined as following, 

 ms = 

4 
√ 

R ms − 3 a •√ 

3 R ms 

(28) 

 ms = 

GM •
c 

(6 
√ 

R ms − 4 a •) √ 

3 R ms 
(29) 

nd R ms can be referenced from Bardeen, Press & Teukolsky ( 1972 ), 

 ms = 

r ms 

r g 
= 3 + Z 2 − [(3 − Z 1 )(3 + Z 1 + 2 Z 2 )] 

1 / 2 . (30) 

ere, Z 1 ≡ 1 + (1 − a 2 • ) 1 / 3 [(1 + a •) 1 / 3 + (1 − a •) 1 / 3 ] and Z 2 ≡
3 a 2 • + Z 

2 
1 

)1 / 2 
(0 ≤ a • ≤ 1). 
 T H E  FITTING  RESULTS  O F  M O D E L S  

PPLI CATI ON  TO  O U R  SELECTED  SAMPLE  

n this section, we assume that the early and late bumps of X-ray
fterglow are related to the fall-back accretion of magnetar and black
ole, respectively. Then, we adopt the fall-back accretion of magnetar 
nd black hole to fit the early and late bumps of X-ray afterglow with
onte Carlo Markov Chain (MCMC) method, respectively. Due to 

o redshift measurement of some GRBs in our sample, we adopt
 = 1 to do the calculations instead of no redshift-measured GRBs. 4 

.1 Fall-back accretion of magnetar to early bumps 

ased on the criteria of sample selected and the distribution of peak
ime for both early and late X-ray bumps, there are 19 long-duration
RBs, which are identified as the ‘early bump’ category, and 12
f which have redshift measurements. So that, we attempt the fall-
ack accretion of magnetar model to fit the those GRBs with early
umps. Considering the poorly understanding the equation of state of 
agnetar, we adopt the typical values of mass and radius of magnetar

s 1.4 M � and 10 km to do the fits, respectiv ely. Moreo v er, we also
x sin χ = 0 . 5 in our calculations due to unknown inclination angle
f the magnetic axis to the rotation axis (Dai & Liu 2012 ). 
If this is the case, there are four free parameters of fall-back accre-

ion of magnetar, e.g. t 1 , ηmag , B 0 , and P 0 . Moreo v er, by considering
he contributions from the initial steep decay segment (tail emission 
f prompt emission) and afterglow with power-law decay component 
e.g. external shock) to the fits, we also simultaneously fit the light
urves with all three components above (e.g. steep decay , afterglow ,
nd fall-back accretion). Then, we adopt the MCMC method with 
YTHON code to fit the data. In our fitting, we use a PYTHON module
MCEE to get best-fit values and uncertainties of free parameters 
F oreman-Macke y et al. 2013 ). The allowed range of the four free pa-
ameters are set as log ( t 1 ) ε[2 . 15 , 3 . 36] s, log ( ηmag ) ε[ −2 . 16 , −1 . 05],
og ( B 0 ) ε[13 . 58 , 13 . 96]; and P 0 ε[0 . 8 , 8 . 5] ms. Fig. 2 shows two
xamples of best fitted light curves and the corner plots of free
arameters posterior probability distribution for the fall-back accre- 
ion model. 5 The results of fits for all 21 early bumps are listed in
able 2 . 
It is worth testing that what are the distributions of the values for

 1 , B 0 , and P 0 . Fig. 3 sho ws the distributions of those fitting v alues.
t is found that those values are obeyed the normal ( P 0 ) or lognormal
 t 1 and B 0 ) distributions with log ( t 1 ) = (3 . 01 ± 0 . 12) s, log ( B 0 ) =
13 . 77 ± 0 . 03) G, and P 0 = (1 . 04 ± 0 . 05) ms, respectively. More-
 v er, the distribution of ηmag is range of [0.6, 17 per cent]. In any
ase, based on the MCMC fitting results, one can see that the early
umps of our sample are well fitted by fall-back accretion of magnetar 
odel, and all free parameters can be constrained very well. The

alues of those parameters also fall into a reasonable range. 

.2 Fall-back accretion of black hole to late bumps 

ased on the bimodal distribution of peak time of bumps in our
ample, there are 9 GRBs that are identified as ‘late bump’ category,
nd 5 of which have redshift measurements. So that, we apply the fall-
ack accretion of black hole model and the afterglow component to fit 
MNRAS 535, 2482–2493 (2024) 

https://astro.gxu.edu.cn/info/1062/2244.htm
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Figure 2. Fall-back accretion of magnetar modelling results of two examples for the early bumps of X-ray afterglow (left) and the corner plots of the free 
parameters posterior probability distribution. 
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hose GRBs with late bumps. Here, we adopt the beginning time ( t s )
nd ending time of the bumps ( t e ) as the beginning time and ending
ime of the fall-back accretion (Zhao et al. 2021 ). The initial mass and
pin of black hole are fixed as M 0 = 3M � and a 0 = 0 . 9, respectively
Lei et al. 2017 ). Meanwhile, due to uncertainty efficiency and jet
pening angle of GRBs, we take ηBH = 0 . 01 and f b = 0 . 01 during
he calculations. We define a dimensionless parameter as peak of
all-back accretion rate ṁ p ( ̇m p = Ṁ p / M � s −1 ), and T p is the peak
ime when the fall-back accretion rate ṁ p reaches at the peak. Here,
e only focus on free parameters of fall-back accretion of black hole,

.g. ṁ p , T p , and s. 
NRAS 535, 2482–2493 (2024) 
We then adopt the MCMC method with PYTHON code to fit the data
f those 9 GRBs with late bumps. The ranges of the free parameters
re set as follows: log ( ̇m p ) ε[ −10 , 0], sε[0 , 5] and T p ε[ t s , t e ]. Two
xamples of best-fitted light curves for the late-bumps and the the
orner plots of free parameters posterior probability distribution are
hown in Fig. 4 , and the full fitting results can be found in footnote
. The results of fits for all 9 late bumps are listed in Table 3 . It is
ound that the the distributions of log T p , s, and log ṁ p are range of
4.26, 4.88], [0.33, 1.53], and [ −7.77, −5.73], respectively (see Fig.
 ). 
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Figure 3. Distributions of free parameters for early bumps with fall-back accretion of magnetar model. The solid bule lines are the Gaussian fits. 
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Furthermore, we also calculate the total mass of the accretion 
 M acc ) in the fall-back process when we do the integral of time for
quation ( 15 ), and the fall-back radius can also be estimated as, 

 fb ≈ 3 . 5 × 10 10 ( M •/ 3 M �) 1 / 3 ( t fb / 360 s) 2 / 3 cm . (31) 

he derived physical parameters of M acc and R fb are also listed
n T able 3 . W e also do the distributions of the derived physical
arameters, and it is found that the distribution of M acc is range
f [4 × 10 −4 , 1 . 8 × 10 −2 ] M �. The fall-back radius is range of
1 . 04 , 4 . 23] × 10 11 cm, which is consistent with the typical radius
f a Wolf–Rayet star. In any case, the late bumps of our sample can
e well fitted by fall-back accretion of black hole model, and the
alues of those parameters fall into a reasonable range. 

Moreo v er, it is notice that both accretion rate and accretion mass
n this work are much lower than that of in superno va e xplosion at
he same time (Moriya et al. 2019 ). That is because the adopted mass
f progenitor star and black hole in Moriya et al. ( 2019 ) are much
arger than that of what we adopt. 

 C O N C L U S I O N  A N D  DISCUSSION  

he central engine of long-duration GRBs remain an open question 
Zhang 2011 ), and some characteristic of afterglow emission (i.e. 
-ray re-brightening) may take a clue to understand the naturally 
entral engine and progenitor of GRBs. In this paper, we systemically
earch for long-duration GRBs that consist of bumps in X-ray 
fterglow detected by Swift /XRT between 2005 January and 2023 
uly, and found that 28 candidate GRBs showing X-ray bumps in
heir afterglow. 

More interestingly, we find that the peak time of the X-ray bumps
n our sample exhibits bimodal distribution, and defined as ‘early’ 
nd ‘late’ bumps with division line at t = 7190 s, e.g. early bumps
ith t p < 7190 s, and late bumps with t p > 7190 s, respectively. We
roposed that the long-duration GRBs with an early (or late) bumps
ay be originated from the fall-back accretion onto a new-born 
agnetar (or black hole). By adopting MCMC method to fit the

arly (or late) bumps of X-ray afterglow with the fall-back accretion
f magnetar (or black hole), we are able to reach several interesting
esults. 

(i) Both early and late bumps of X-ray afterglow in our sample
an be well fitted by the fall-back accretion of magnetar and black
ole, respecti vely. The v alues of parameters for those two models
lso fall into a reasonable range. 

(ii) The initial surface magnetic filed and period of magnetars for 
ost early bumps are clustered around 5 . 88 × 10 13 G and 1.04 ms,

espectively. 
MNRAS 535, 2482–2493 (2024) 
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Figure 4. Fall-back accretion of black hole modelling results of two examples for the late bumps of X-ray afterglow (left) and the corner plots of the free 
parameters posterior probability distribution. 
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(iii) The fall-back accretion rate reaches its peak value (1 . 7 ×

0 −8 –1 . 9 × 10 −6 ) M � s −1 , and the derived accretion mass of black
ole for late bumps is range of [4 × 10 −4 , 1 . 8 × 10 −2 ] M �. The
ypical fall-back radius is distributed range of [1 . 04 , 4 . 23] × 10 11 cm,
hich is consistent with the typical radius of a Wolf–Rayet star. 

A very interesting question is whether the early bumps can also be
nterpreted by fall-back accretion of black hole. In order to test this
ossibility, we invoke the same MCMC method to fit the early bumps
f X-ray afterglow in our sample by using the fall-back of black hole
entral engine model. We find that most early bumps (15 out of 19)
an be fitted by the fall-back accretion of black hole model, but
equire a larger accretion rate. It means that the fall-back accretion
f black hole model cannot be ruled out to interpret the early bumps.
n the contrary, we also invoke the fall-back accretion magnetar
NRAS 535, 2482–2493 (2024) 
odel to fit the late bumps of X-ray afterglow in our sample. We
nd that the fall-back accretion magnetar model is very difficult to fit

he late bumps, such as the parameters of model are not convergent,
r unreasonable distribution of model parameters. It suggest that the
all-back accretion magnetar model is disfa v oured by the late bumps
f X-ray afterglow in our sample. 
In addition, several proposed models are also invoke to interpret

he re-brightening feature in afterglow of GRBs, e.g. the fireball
ecelerated by the ambient medium (Sari & Piran 1999 ; Kobayashi &
hang 2007 ), the density bumps or voids in the circumburst medium

Dai & Lu 2002 ; Lazzati et al. 2002 ), a refreshed shock (Zhang &
 ́esz ́aros 2002 ; Bj ̈ornsson, Gudmundsson & J ́ohannesson 2004 ),

 structured jet with off-axis (Berger et al. 2003 ; Nakar, Piran &
axman 2003 ; Huang et al. 2004 ; Panaitescu & Vestrand 2008 ;
uidorzi et al. 2009 ; Margutti et al. 2010 ), a long-lasting reverse
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Figure 5. Distributions of free parameters for late bumps with fall-back accretion of black hole model. 
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hock model (Uhm et al. 2012 ), the existence two component jets
Huang et al. 2004 ; Wu et al. 2005 ; Racusin et al. 2008 ). 

Moreo v er, one needs to clarify that the bimodal distribution of
eak times for our sample can be affected by the selection effect.
t is possible that the number of what we selected sample is a sun-
lass of total GRBs observed by Swift /XRT. On the other hand, the
imodal distribution of peak times is also possible affected by the
heltering from Earth, namely, the dip of distribution is possible 
aused by the selection effect due to sheltered time from Earth. Also,
he derived parameters of early bumps (or late bumps) with magnetar
MNRAS 535, 2482–2493 (2024) 
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Table 3. The MCMC fitting and calculated results of late bump subsample with fall-back accretion of black hole. 

GRB log ( T p ) s log ( ̇m p ) log ( M acc ) R fb 

Name (s) (M � s −1 ) (M �) (10 11 cm) 

071010A 4 . 88 + 0 . 03 
−0 . 02 1 . 48 + 0 . 65 

−0 . 57 −7 . 77 + 0 . 06 
−0 . 08 −2 . 99 4.23 

081028 4 . 44 + 0 . 01 
−0 . 01 1 . 22 + 0 . 25 

−0 . 19 −5 . 79 + 0 . 03 
−0 . 03 −1 . 75 1.21 

100901A 4 . 52 + 0 . 01 
−0 . 01 0 . 77 + 0 . 12 

−0 . 10 −6 . 51 + 0 . 03 
−0 . 03 −2 . 05 1.74 

120215A 

∗ 4 . 30 + 0 . 04 
−0 . 04 0 . 87 + 0 . 36 

−0 . 23 −7 . 69 + 0 . 05 
−0 . 06 −3 . 38 1.26 

120326A 4 . 67 + 0 . 03 
−0 . 02 0 . 84 + 0 . 21 

−0 . 16 −6 . 24 + 0 . 03 
−0 . 03 −1 . 85 1.93 

130807A 

∗ 4 . 26 + 0 . 06 
−0 . 05 1 . 12 + 0 . 67 

−0 . 38 −7 . 42 + 0 . 08 
−0 . 08 −3 . 14 1.04 

131018A 

∗ 4 . 47 + 0 . 08 
−0 . 07 0 . 33 + 0 . 10 

−0 . 07 −7 . 48 + 0 . 05 
−0 . 06 −2 . 86 1.19 

150626B 

∗ 4 . 35 + 0 . 02 
−0 . 02 1 . 53 + 0 . 52 

−0 . 36 −6 . 74 + 0 . 03 
−0 . 03 −2 . 62 2.02 

230414B 4 . 49 + 0 . 06 
−0 . 04 0 . 64 + 0 . 30 

−0 . 22 −7 . 38 + 0 . 09 
−0 . 11 −3 . 38 1.09 

Note. a No redshift measured of our subsample are mark with [ ∗], and we adopt z = 1 to do the MCMC fits and calculations. 
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or black hole) fall-back model are dependent on the equation of
tate of neutron star (or initial mass of black hole) We hope that
ore observational data in X-ray band (i.e. Einstein probe) can be

btained in the future to identify the signature of central engine of
RBs. 
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