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ABSTRACT

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 + = 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 x 10'* G and 1.04 ms,
respectively. Meanwhile, the derived accretion mass of black hole for late bumps is in the range of [4 x 107#, 1.8 x 1072] M,
and the typical fall-back radius is distributed range of [1.04, 4.23] x 10'" cm, which is consistent with the typical radius of a
Wolf-Rayet star. However, we also find that the fall-back accretion magnetar model is disfavoured by the late bumps, but 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.

1 INTRODUCTION

In general, it is believed that gamma-ray bursts (GRBs) originated
from the collapsar of massive stars or the merger of double compact
stars (Eichler et al. 1989; Woosley 1993; MacFadyen & Woosley
1999; Zhang 2018). Within both the collapsar and compact-star
merger models, a hyperaccretion black hole or a rapidly spinning,
strongly magnetized neutron star (millisecond magnetar) as the
central engine may be formed, and it launches a relativistic outflow
(Usov 1992; Dai & Lu 1998a,b; Popham, Woosley & Fryer 1999;
Narayan, Piran & Kumar 2001; Zhang & Mészéros 2001; Fan & Xu
2006; Chen & Beloborodov 2007; Metzger et al. 2010; Lei, Zhang &
Liang 2013; Lii & Zhang 2014; Lii et al. 2015). The observed prompt
gamma-ray emission is explained by the fireball internal shocks
(Rees & Meszaros 1994), dissipated photosphere models (Thompson
1994; Rees & Mészaros 2005; Pe’er, Mészaros & Rees 2006), and the
internal-collision-induced magnetic re-connection and turbulence
(ICMART) model (Zhang & Yan 2011). The broad-band afterglow
emission is produced from forward and reverse external shocks when
the fireball is decelerated by a circumburst medium (Mészaros &
Rees 1997; Sari, Piran & Narayan 1998; Kobayashi 2000; Mészaros
2002; Zhang & Mészéros 2004; Zhang, Lii & Liang 2016).

* E-mail: 1hj@gxu.edu.cn

However, how to identify the central engine (black hole or
magnetar) of GRBs remain an open question (Zhang 2011). From
the observational point of view, some GRBs have been discovered
to exhibit a plateau emission component or an extremely steep drop
following the plateau (known as internal plateaus) in their X-ray
afterglows (O’Brien et al. 2006; Zhang et al. 2006; Liang, Zhang &
Zhang 2007; Troja et al. 2007; Lyons et al. 2010; Rowlinson et al.
2010, 2013; Lii & Zhang 2014; Lii et al. 2015), which is consistent
with millisecond magnetar central engine (Usov 1992; Dai & Lu
1998a,b; Zhang & Mészaros 2001). On the other hand, non-plateau
emission in the afterglows, the released energy of GRB exceeded the
energy budget of magnetar, or the later giant bump in the afterglows,
are inconsistent with the magnetar central, but can be interpreted
by black hole central engine, such as GRBs 121027A and 111209A
(Kumar, Narayan & Johnson 2008; Wu, Hou & Lei 2013; Yu et al.
2015; Lii et al. 2018; Zhao et al. 2021).

From the theoretical point of view, Zhang & Dai (2008, 2009)
invoked a new-born neutron star surrounded by hyperaccretion and
neutrino cooling disc to produce both GRB jet and observed plateau
emission. Within this scenario, Dai & Liu (2012) proposed a hyperac-
cretion fall-back disc around a newborn millisecond magnetar model
to produce a significant brightening of an early afterglow (early X-
ray bump) when magnetar is spin-up due to a sufficient angular
momentum of the accreted matter transferred to the magnetar. If
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the central engine is a black hole, a giant X-ray or optical bump
can be produced via the fall-back of black hole when the duration
and accretion rate of black hole fallback are long and large enough,
respectively (Wu et al. 2013; Yu et al. 2015; Lii et al. 2018; Zhao
et al. 2021). If this is the case, different types of central engine
of GRBs may produce different characteristics of X-ray or optical
afterglows.

In this paper, we systematically search for long-duration GRBs
with an early and later X-ray bumps emission from the Swift-X-
Ray Telescope (XRT) GRB sample, and try to interpret both early
and later X-ray bumps by invoking fall-back accretion of magnetar
and black hole, respectively. The criteria of sample selection and
the data reduction are presented in Section 2. In Section 3, we
described the basic models of both spin-up of magnetar fall-back
and the black hole fall-back accretion. We apply the two models
to fit the early and later X-ray afterglow of GRBs, respectively, in
Section 4. Our conclusions and discussion are given in Section 5.
Throughout the paper, a concordance cosmology with parameters
Hy =71kms™ ' Mpc™!, Qy = 0.30, and 2, = 0.70 is adopted.

2 DATA REDUCTION AND SAMPLE
SELECTION CRITERIA

The XRT data are downloaded from the Swift data archive (Evans
et al. 2007)." Our entire sample includes more than 1718 GRBs
observed by Swift/XRT between 2005 January and 2023 July. We
only focus on the long-duration GRBs with the bump emission in X-
ray afterglow and analyse 1043 long-duration GRBs. Among these,
154 GRBs are too faint to be detected in the X-ray band, or do not
have enough photons to extract a reasonable X-ray light curve. Then,
we select the GRBs that X-ray emission exhibit the feature of rise
and fall and adopt a smooth broken power-law function to fit (Liang
et al. 2007; Lii et al. 2022),

way wapq —1/w
Fi(t) = Fo {(;) + (ti) } , (1
p p

Fo(t) = (Fl—a)l + F3—w1)—1/(u1 ’ (2)

Fy(t) = Fx(ty.) (é) , @)

where fixed w = w; = 3 represents the sharpness of the peak and
tp, ay, and o, are the peak time, and the rising and decay slopes of
X-ray variability, respectively.

Since the X-ray flares have been discovered in a good fraction of
Swift GRBs (Burrows et al. 2005; Chincarini et al. 2007; Margutti
et al. 2010). Their light curves are typically narrow and show rapid
rise and fall with steep rising and decaying indices. This feature of
X-ray flares is similar to that of prompt emission and suggests that
the X-ray flares are likely to share a similar mechanism with the
prompt emission, such as internal dissipation of long-lasting central
engine activity (Burrows et al. 2005; Liang et al. 2006; Nousek et al.
2006; 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
Swift to obtain the rising and decaying indices and found that the
rising and decaying indices of those flares are larger or much larger
than 3. While we find that a small fraction of GRBs x-ray afterglow
whose rising and decaying indices are less than 3 (called X-ray
bump). It means that the physical origin of those X-ray bumps may
be different from that of X-ray flares, and it is possible related to the

Thttp://www.swift.ac.uk/archive/obs.php?burst = 1.
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central central engine, e.g. spin-up of magnetar or fall-back of black
hole.

In general, the X-ray emission of GRBs is very complicated Zhang
et al. (2006). Since the steep decay segment with a power-law decay
is from the curvature effect as the prompt emission tail. The light
curves of X-rays are considered to fit by the initial steep decay
component, afterglow component (e.g. from external shock) with
power-law decay, smooth broken power-law segment (bumps), as
well as the post-jet segment if it needs possible. Our sample does
not include the cases in Yi et al. (2016), who performed a systematic
study and defined the X-ray flares. So that, excepting the GRBs
that are in Yi et al. 2016, three criteria are adopted for our sample
selection. (i) the rising and decay slopes of X-ray bumps are required
to be less than that of X-ray flares defined in Yi et al. (2016). (ii)
the duration of X-ray bumps should be longer and wider than that of
X-ray flares in Yi et al. (2016). (iii) in order to extract the X-ray light
curve, the observed X-ray light curve should be at least more than
5 data points. By accepting the above criteria, our sample therefore
only comprises 28 long-duration GRBs, including 17 GRB with
redshift measured. Fig. 1 shows two examples of the fitting results
with smooth broken power-law function and other components.’
The fitting results are presented in Table 1, it includes the rising and
decay slopes of bumps, peak times, and the start and end times of
bumps.

Fitting the X-ray light curve with a broken power-law model, one
finds that peak time of X-ray bumps exhibits bimodal distribution
with peak times as #,; = 1273 & 686s and f,, = 21752 £ 85665,
respectively. The division line is at # = 7190 s (see Fig. 1). So that,
we classify the X-ray bumps as two categories, e.g. ‘early’ bumps
with £, < 7190s, and ‘late’ bumps with 7, > 7190, respectively.
Moreover, one needs to clarify that the bimodal distribution of peak
times can be affected by the selection effect, namely, the number of
what we selected sample may be a sun-class of total GRBs observed
by Swift/XRT. On the other hand, it is also possible affected by the
sheltering from Earth, namely, the dip of bimodal distribution of
apparent peak times is possible caused by the selection effect due to
sheltered time from Earth.

3 MODELS DESCRIPTION OF MAGNETAR AND
BLACK HOLE FALL-BACK ACCRETION

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

3.1 Hyperaccretion fall-back disc around a newborn
millisecond magnetar model

A millisecond magnetar may survive as the central engine of long-
duration GRBs after the massive star collapse. A small fraction of
ejecta cannot escape from the system due to the gravity of central
magnetar, and it will fall back to the surface of magnetar. If this is the
case, the central magnetar will spin up again when the accumulated
materials on the surface of magnetar is large enough. The fall-back
accretion onto a new-born magnetar is also used to interpret the
early X-ray and optical bumps in the GRB afterglow (Dai & Lu
1998a,b; Dai & Liu 2012; Yu et al. 2015; Zhong et al. 2016). Roughly
estimated, the minimum time-scale of fall-back is equal to free-fall
time-scale. In fact, the time-scale of fall-back is affected by many
factors (MacFadyen, Woosley & Heger 2001; Dai & Liu2012). In our

Zhttps://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
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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.

calculations, we adopt 7y, ~ 10% s, which is derived from numerical
simulations as the starting time of materials fall-back (MacFadyen

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

. . C =1
M = (Mea.rlly + Mlati) ’
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Table 1. The fitting results of our sample with smooth broken power-law model.
GRB Too Tstart Tend I a a z References?
Name (s) (s) (s) (s)
Early bump
051016B 4.0 320 13500 77617 0.8010:0 —1.86705 0.9364 ¢))
1030 0.04 —1.15
060206 7.0 1200 12900 39817408 1.26%0 0 —2.150 % 4.048 2
070208 48.0 180 14000 954183 1527538 —1.851001 1.165 3)
0904298 5.5 120 16 800 5881262 1207513 ~1.36+028 9.4 )
091029 39.2 525 18900 154812323 0.4979:09 —1.71%02% 2752 Q)
120118B 233 320 11000 16591229 1.014:12 —1.21+0:1¢ 2.943 (6)
298 0.36 0.14
120213A 489 620 12000 30967258 2411038 —1.197534 - -
227 0.08 0.12
120224A 8.1 220 19000 1071733 0.78%0 ¢ —1.16153; - -
121209A 42.7 100 7000 7071 1.2379:06 ~1.17%043 - -
140515A 234 580 14800 26911170 1037508 -2.90%0% 6.32 @)
811 0.64 1.38
150911A 72 280 24800 1479133 1297053 —1.49% 5% - -
161129A 35.53 100 25000 1412172 2.027932 ~1.07+0:% 0.645 ®)
170202A 46.2 300 59300 9331153 0.917503 -1.311021 3.645 )
170822A 64.0 500 19300 23441187 1725510 —1.14+0:10 - -
181110A 138.4 400 36300 16591229 1727513 —1.52+0-% 1.505 (10)
65 —0.02 0.31
190829A 58.2 500 56300 138015 L1450 -2.9350% 0.078 (11)
793 0.20 1.07
200917A 19.4 1000 36300 27547722 L1757 —2.55%0 - -
58 0.15 1.02
201128A 5.41 150 7300 457133, 0.80%) 3 —1.80%)% - -
133 0.09 0.21
220117A 49.8 350 13200 1380113 1.557008 —1.31%93% 4.961 (12)
Late bump
071010A 6.0 35000 533200 524807777, 1.547932 —2.16+21¢ 0.98 (13)
081028 260.0 9800 233200 223871105 1.8375:98 ~1.73%02 3.038 (14)
1104 0.05 0.09
100901 A 439.0 9680 33320 23442711 1.35+0:95 —1.12+0% 1.408 (15)
120215A 26.5 5160 53200 1096473217 1077524 211100 - -
1672 0.11 0.08
120326A 69.6 9560 330200 3548111505 1.53%0 1 —L11t)os 1.798 (16)
2117 0.27 0.44
130807A 377 3260 100200 1047143141 1.21%)3] —L64%)5¢ - -
131018A 732 4350 100000 741311797 0.65+012 ~1.88707} - -
1494 0.17 0.22
150626B 48.0 5090 60000 20892 1304 218401 —1.324)%3 - -
230414B 259 6490 69 500 2137913781 173403 1271533 3.568 an

Note.? The references of redshift for our sample. (1) Soderberg, Berger & 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).

where Here, R, and M, are the radius and the initial baryonic mass of the
. B N magnetar, respectively, My is the total baryonic mass of magnetar at

Mearly =10 3nmug tl/z M@ S : (5) time ?.

and Based on the results of Dai & Liu (2012), three radii are defined
) within the accretion disc, e.g. co-rotation radius (7. ), magnetospheric

My = ]07377mag 1P My s (6) radius (r), and radius of light cylinder (Ry). The r. is defined as

Here, npmag ~ 0.01-10is a factor that accounts for different explosion
energies, and #; ~ 200-1000s is similar to the time of peak flux of

following when the rotating angular velocity (£2;) of the central
engine is equal to Keplerian angular velocity (),

radiation generated by fall-back accretion (longer #, corresponding to GM\ '3
smaller 1mqe). One roughly estimates M oc t=>/3 if # > #; (Chevalier re = (§> . 9
1989). The gravitational mass (M) of the central magnetar can be s
obtained as Dai & Liu (2012), The magnetospheric radius ry, is
M = My(t) |:1 + %%th)] , @) L ( ut )l/7 0
: "o\emm?)
and
‘ where . = BoR? is the magnetic dipole moment of the magnetar,
My(t) = My + / M dt, 8) and By is the initial surface magnetic field of magnetar. The radius
0
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Table 2. The MCMC fitting results of early bump subsample with fall-back accretion of magnetar.

GRB? log t; 10g Nimag log (Bo) Py
Name (s) (G) (ms)
051016B 2.60701] —2.06%18 13.697004 1114013
060206 3.491002 —1.88+0-22 13.7215:93 1.48+0:3¢2
070208 2.13%532 —1.12752¢ 13.74%0:2 1.347030
0904298 2.6710%8 —0.77755 14.00%0:02 0.571018
091029 3.2610% —1.88+004 13731003 15.42+10.3
120118B 2.58102 —1.837023 13.6010:53 1191028
120213A* 3.36+003 ~2.16%00 13.9679.%3 133104
120224A* 276103 —2.037031 13.581003 0.8219%
121209A* 2157038 ~1.0570% 13787002 0.807042
140515A 3.5010 04 ~ 1814003 13.82+004 185071
150911A* 2.6910:9 — 1517508 13.8010:01 8.49733¢
161129A 3.047°003 —1.764003 13.961 003 0.907008
170202A 274100 —1.20+0:06 13.6775:044 0.477510
170822A* 3.13+97 ~1.87750 13.781057 0.98+021
181110A 3.0870 08 —1.55750 13.92+047 1.62+028
190829A 2,929 —221750 13.86102 9.75103
200917A* 3.0210% ~2.097008 13.61%0:54 15.131988
201128A* 2325013 —143%015 13824002 1.20+015
220117A 274107 -0.92750 13.831003 0.5800¢

Note. * No redshift measured of our subsample are mark with [], and we adopt z = 1 to do the MCMC fits.

of the light cylinder is defined as,
c
Ry = o an

For simple calculations, one define the fastness parameter as

Q m \
wzﬁwm:(Z)' 2

So that, the net torque exerted on the magnetar by the accretion disc
reads as’

2
Tuee = e, ) o, (13)
r

m
where € = (rn/R1)*?, and n(e, w) is the dimensionless torque

parameter,

(2 —2€ + 6w + 36¢’w)/(Yw), w < 1,
n(e, w) = 2 2
2 -2+ 6w+ 3w —9%97)/Ow), w > 1.
The spin evolution is given by the following differential equation,

d(I19y)
dr

= Tace + Tdip, (14)

where I = 0.35MR§ is the stellar moment of inertia, and 7g;, is the
torque due to magnetic dipole radiation and the inclination angle ()
between the magnetic axis and rotation axis,

u,zﬂfsinzx _ wu?sin’
63  6R}

Tdip = — (15)

3Here, we do not consider the propellor effects of magnetar, which are
suggested by (Piro & Ott 2011), and it is required due to a high-magnetic
field of magnetar (e.g. ~5 x 10'* G). More details can also refer to (Yu et al.
2024).

MNRAS 535, 2482-2493 (2024)

By solving above equations, one can get the luminosity of magnetic-
dipole-radiation as a function of time (Shapiro & Teukolsky 1983),

W sin? x
6¢3

2 —4
48 12 H Po
9.6 x 10™ ergs™ sin” x (m) (R) . (16)

Here, Py is the initial period of magnetar.

Ldip =

3.2 Black hole fall-back accretion model

Alternatively, a black hole may be formed as the central engine of
long-duration GRBs after the massive star core collapse. The GRB jet
can be powered by annihilating between neutrinos and antineutrinos
that can carry the accretion energy in the disc or extracting the spin
energy of the black hole, which can be tapped by a magnetic field
connecting the outer world through the Blandfordd—Znajek (BZ)
mechanism (Blandford & Znajek 1977). The fall-back accretion into
black hole is also adopted to interpret the late X-ray and optical
bumps in the GRB afterglow (Wu et al. 2013; Chen et al. 2017; Lei
et al. 2017; Zhao et al. 2021).

The time-scale of fall-back is approximately equal to the free-fall
time-scale, fy, ~ (7*r,/8GM,) 12 Wwhere M, is the mass of black
hole, rg, is the radius of progenitor. The evolution of the fall-back
accretion rate can be described by a broken power-law function of
time (Chevalier 1989; MacFadyen et al. 2001),

_1
e L1 7”2_‘_1 =1\ " a7
R p) Tp—to 2 Tp—l() ’

where 7y is the beginning time of the fall-back accretion, and s
describes the sharpness of the peak. T}, and Mp are the peak time and
peak rate of fall-back accretion, respectively.

G20Z UdJBIN 80 U0 15NB Aq 6251 88./2812/€/SES/PI0IME/SEIUW/WOd"dNO"0lWapED.//:Sd)y WOy PapEojumoq



Based on the results of references (Lee, Wijers & Brown 2000; Li
2000; Wang, Xiao & Lei 2002; McKinney 2005; Lei & Zhang 2011;
Chen et al. 2017; Liu, Gu & Zhang 2017), the BZ power from a kerr
black hole can be estimated as,

Egz = Lgz = 1.7 x 10°a,>M,>B, 15> F(a,) erg s, (18)
where M, is the mass of black hole with unit of Mg, B, s =

B./10"G is the magnetic filed, a, = J,c/(GM,?) and J, are the
spin and angular momentum of black hole, respectively.

F(as) = [(1+4¢*)/q%1l(g + 1/q) arctan g — 1]. (19)
Here, ¢ = a,/(1 + /1 — a?). The range of spin parameter is 0 <
a, <1, so that, one has 2/3 < F(a,) < 7 — 2. By assuming that
the magnetic field pressure of the BH and the ram pressure (Pryy)
of the innermost parts of an accretion flow are in balance, one has
Moderski, Sikora & Lasota (1997)

B? Mc

87 - 4mr2’ 20

2
=Pram~pc

where r, = (1 + /1 — a2)r, is the radius of the BH horizon and
rg = GM./cZ. Combining with equations (17), (18), and (19), B,
and Ly can be rewritten as

-1
B, ~ 7.4 x 10"M'2 M (1 +4/1— a3> G. 1)

Lgz = 9.3 x 10%a?M X (a,)ergs™", (22)

where

2
X(a,) = F(a.)/ <1 +4/1- a3> . 23)

Within the scenario of the energy conservation and angular
momentum conservation, there are two teams of the evolution
equation of BH in the BZ model, i.g., spin-up by accretion and
spin-down by the BZ mechanism (Wang et al. 2002),

dM,c? _—

it =Mc“E.s — Lgz 24)
dJ, .
dr =MLy — Tz (25)
da,

= (M Luns — Tz)c/(GMJ?) — 2a0(Mc? Ens — Lpz)/(Moc?),
(26)

where Tz is the total magnetic torque that applied to BH (Li 2000;
Lei & Zhang 2011; Lei et al. 2017),

4GM, Ly, (1 n \/ﬁ)

a.c3

dt

Tpz = . (27)
In equations (23) and (24), Es and L, are the specific energy and
angular momentum, which are corresponding to the innermost radius
(rms) of the disc, and defined as following,

4V Rm% - 3 °
Epy = Y ome = e (28)
V3R

GM, (6J/Rys — 4a,

Lis = ( %) (29)

c 3R

and R, can be referenced from Bardeen, Press & Teukolsky (1972),
rms

Rus= = =3+2-16-Z0B+Zi + 27,)]'2. (30)

g
Here, Zi =1+ (1 —-a»)"3[(1 +a)'?+ (1 —a,)'?] and Z, =
(Ba2+ 22" (0 <a. < 1).
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4 THE FITTING RESULTS OF MODELS
APPLICATION TO OUR SELECTED SAMPLE

In this section, we assume that the early and late bumps of X-ray
afterglow are related to the fall-back accretion of magnetar and black
hole, respectively. Then, we adopt the fall-back accretion of magnetar
and black hole to fit the early and late bumps of X-ray afterglow with
Monte Carlo Markov Chain (MCMC) method, respectively. Due to
no redshift measurement of some GRBs in our sample, we adopt
z = 1 to do the calculations instead of no redshift-measured GRBs.*

4.1 Fall-back accretion of magnetar to early bumps

Based on the criteria of sample selected and the distribution of peak
time for both early and late X-ray bumps, there are 19 long-duration
GRBs, which are identified as the ‘early bump’ category, and 12
of which have redshift measurements. So that, we attempt the fall-
back accretion of magnetar model to fit the those GRBs with early
bumps. Considering the poorly understanding the equation of state of
magnetar, we adopt the typical values of mass and radius of magnetar
as 1.4 Mg and 10km to do the fits, respectively. Moreover, we also
fix sin x = 0.5 in our calculations due to unknown inclination angle
of the magnetic axis to the rotation axis (Dai & Liu 2012).

If this is the case, there are four free parameters of fall-back accre-
tion of magnetar, €.g. f{, mag, Bo, and Py. Moreover, by considering
the contributions from the initial steep decay segment (tail emission
of prompt emission) and afterglow with power-law decay component
(e.g. external shock) to the fits, we also simultaneously fit the light
curves with all three components above (e.g. steep decay, afterglow,
and fall-back accretion). Then, we adopt the MCMC method with
PYTHON code to fit the data. In our fitting, we use a PYTHON module
EMCEE to get best-fit values and uncertainties of free parameters
(Foreman-Mackey et al. 2013). The allowed range of the four free pa-
rameters are set as log(#)e[2.15, 3.36] s, 10g(1mag)e[—2.16, —1.05],
log(Bp)e[13.58, 13.96]; and Pye[0.8, 8.5] ms. Fig. 2 shows two
examples of best fitted light curves and the corner plots of free
parameters posterior probability distribution for the fall-back accre-
tion model.’ The results of fits for all 21 early bumps are listed in
Table 2.

It is worth testing that what are the distributions of the values for
t1, By, and Py. Fig. 3 shows the distributions of those fitting values.
It is found that those values are obeyed the normal (Py) or lognormal
(t; and By) distributions with log(#;) = (3.01 £0.12) s, log(By) =
(13.77 £ 0.03) G, and Py = (1.04 £ 0.05) ms, respectively. More-
over, the distribution of 7, is range of [0.6, 17 percent]. In any
case, based on the MCMC fitting results, one can see that the early
bumps of our sample are well fitted by fall-back accretion of magnetar
model, and all free parameters can be constrained very well. The
values of those parameters also fall into a reasonable range.

4.2 Fall-back accretion of black hole to late bumps

Based on the bimodal distribution of peak time of bumps in our
sample, there are 9 GRBs that are identified as ‘late bump’ category,
and 5 of which have redshift measurements. So that, we apply the fall-
back accretion of black hole model and the afterglow component to fit

4Jakobsson 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.
Shttps://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.

those GRBs with late bumps. Here, we adopt the beginning time (z)
and ending time of the bumps (z.) as the beginning time and ending
time of the fall-back accretion (Zhao et al. 2021). The initial mass and
spin of black hole are fixed as My = 3M and ay = 0.9, respectively
(Lei et al. 2017). Meanwhile, due to uncertainty efficiency and jet
opening angle of GRBs, we take ngy = 0.01 and f, = 0.01 during
the calculations. We define a dimensionless parameter as peak of
fall-back accretion rate r, (1, = Mp /Mg s™!), and T, is the peak
time when the fall-back accretion rate 7, reaches at the peak. Here,
we only focus on free parameters of fall-back accretion of black hole,
e.g. np, Ty, and s.

MNRAS 535, 2482-2493 (2024)

‘We then adopt the MCMC method with PYTHON code to fit the data
of those 9 GRBs with late bumps. The ranges of the free parameters
are set as follows: log(i,)e[—10, 0], s€[0, 5] and Te[ts, t.]. Two
examples of best-fitted light curves for the late-bumps and the the
corner plots of free parameters posterior probability distribution are
shown in Fig. 4, and the full fitting results can be found in footnote
5. The results of fits for all 9 late bumps are listed in Table 3. It is
found that the the distributions of log T, s, and log 1, are range of
[4.26, 4.88], [0.33, 1.53], and [—7.77, —5.73], respectively (see Fig.
5).
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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.

Furthermore, we also calculate the total mass of the accretion
(M) in the fall-back process when we do the integral of time for
equation (15), and the fall-back radius can also be estimated as,

R ~ 3.5 x 10'%(M, /3 M) (t1/360 5)**cm. 31

The derived physical parameters of M, and Ry are also listed
in Table 3. We also do the distributions of the derived physical
parameters, and it is found that the distribution of M, is range
of [4x107%, 1.8 x 1072]Mg. The fall-back radius is range of
[1.04, 4.23] x 10'! cm, which is consistent with the typical radius
of a Wolf—Rayet star. In any case, the late bumps of our sample can
be well fitted by fall-back accretion of black hole model, and the
values of those parameters fall into a reasonable range.

Moreover, it is notice that both accretion rate and accretion mass
in this work are much lower than that of in supernova explosion at
the same time (Moriya et al. 2019). That is because the adopted mass
of progenitor star and black hole in Moriya et al. (2019) are much
larger than that of what we adopt.

5 CONCLUSION AND DISCUSSION

The central engine of long-duration GRBs remain an open question
(Zhang 2011), and some characteristic of afterglow emission (i.e.

X-ray re-brightening) may take a clue to understand the naturally
central engine and progenitor of GRBs. In this paper, we systemically
search for long-duration GRBs that consist of bumps in X-ray
afterglow detected by Swift/XRT between 2005 January and 2023
July, and found that 28 candidate GRBs showing X-ray bumps in
their afterglow.

More interestingly, we find that the peak time of the X-ray bumps
in our sample exhibits bimodal distribution, and defined as ‘early’
and ‘late’ bumps with division line at t = 7190s, e.g. early bumps
with 7, < 7190, and late bumps with #, > 7190, respectively. 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 MCMC method to fit the
early (or late) bumps of X-ray afterglow with the fall-back accretion
of magnetar (or black hole), we are able to reach several interesting
results.

(i) Both early and late bumps of X-ray afterglow in our sample
can be well fitted by the fall-back accretion of magnetar and black
hole, respectively. The values of parameters for those two models
also fall into a reasonable range.

(i1) The initial surface magnetic filed and period of magnetars for
most early bumps are clustered around 5.88 x 10> G and 1.04 ms,
respectively.

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.

(iii) The fall-back accretion rate reaches its peak value (1.7 x
1078-1.9 x 107%) My, s™!, and the derived accretion mass of black
hole for late bumps is range of [4 x 107*, 1.8 x 1072]Mg. The
typical fall-back radius is distributed range of [1.04, 4.23] x 10'! cm,
which is consistent with the typical radius of a Wolf—Rayet star.

A very interesting question is whether the early bumps can also be
interpreted by fall-back accretion of black hole. In order to test this
possibility, we invoke the same MCMC method to fit the early bumps
of X-ray afterglow in our sample by using the fall-back of black hole
central engine model. We find that most early bumps (15 out of 19)
can be fitted by the fall-back accretion of black hole model, but
require a larger accretion rate. It means that the fall-back accretion
of black hole model cannot be ruled out to interpret the early bumps.
On the contrary, we also invoke the fall-back accretion magnetar

MNRAS 535, 2482-2493 (2024)

model to fit the late bumps of X-ray afterglow in our sample. We
find that the fall-back accretion magnetar model is very difficult to fit
the late bumps, such as the parameters of model are not convergent,
or unreasonable distribution of model parameters. It suggest that the
fall-back accretion magnetar model is disfavoured by the late bumps
of X-ray afterglow in our sample.

In addition, several proposed models are also invoke to interpret
the re-brightening feature in afterglow of GRBs, e.g. the fireball
decelerated by the ambient medium (Sari & Piran 1999; Kobayashi &
Zhang 2007), the density bumps or voids in the circumburst medium
(Dai & Lu 2002; Lazzati et al. 2002), a refreshed shock (Zhang &
Meészaros 2002; Bjornsson, Gudmundsson & Johannesson 2004),
a structured jet with off-axis (Berger et al. 2003; Nakar, Piran &
Waxman 2003; Huang et al. 2004; Panaitescu & Vestrand 2008;
Guidorzi 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.

shock model (Uhm et al. 2012), the existence two component jets class of total GRBs observed by Swift/XRT. On the other hand, the

(Huang et al. 2004; Wu et al. 2005; Racusin et al. 2008). bimodal distribution of peak times is also possible affected by the

Moreover, one needs to clarify that the bimodal distribution of sheltering from Earth, namely, the dip of distribution is possible
peak times for our sample can be affected by the selection effect. caused by the selection effect due to sheltered time from Earth. Also,
It is possible that the number of what we selected sample is a sun- the 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(Tp) s log(rirp) log(Mcc) R
Name (s) Mo s™hH Mo) (10" cm)
0.03 0.65 0.06
071010A 4.887005 148709 =177 08 —2.99 4.23
081028 4.447501 122753 —5.79+0-03 ~1.75 1.21
100901A 4527001 0.771312 —6.51+0:03 —2.05 1.74
120215A* 4.307004 0.87103% ~7.69700 -3.38 1.26
120326A 4.67755 0.84792 —6.2410:03 ~1.85 1.93
130807A* 4.26+0:08 112404 ~7.421508 -3.14 1.04
131018A* 4.47F0:8 0.33%0.09 ~7.48700 -2.86 1.19
150626B* 4357902 1537532 —6.747503 —-2.62 2.02
230414B 4.497900 0.647939 —7.38+009 —3.38 1.09

Note.* No redshift measured of our subsample are mark with [x], and we adopt z = 1 to do the MCMC fits and calculations.

(or black hole) fall-back model are dependent on the equation of
state of neutron star (or initial mass of black hole) We hope that
more observational data in X-ray band (i.e. Einstein probe) can be
obtained in the future to identify the signature of central engine of
GRBs.
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