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Abstract

Thanks to the rapidly increasing time-domain facilities, we are entering a golden era of research on gamma-ray
bursts (GRBs). In this Letter, we report our observations of GRB 240529A with the Burst Optical Observer and
Transient Exploring System, the 1.5 m telescope at Observatorio de Sierra Nevada, the 2.5 m Wide Field Survey
Telescope of China, the Large Binocular Telescope, and the Telescopio Nazionale Galileo. The prompt emission of
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GRB 240529A shows two comparable energetic episodes separated by a quiescence time of roughly 400 s.
Combining all available data on the GRB Coordinates Network, we reveal the simultaneous apparent X-ray plateau
and optical rebrightening around 103–104 s after the burst. Rather than the energy injection from the magnetar as
widely invoked for similar GRBs, the multiwavelength emissions could be better explained as two shocks launched
from the central engine separately. The optical peak time and our numerical modeling suggest that the initial bulk
Lorentz factor of the later shock is roughly 50, which indicates that the later jet should be accretion driven and have
a higher mass loading than a typical one. The quiescence time between the two prompt emission episodes may be
caused by the transition between different accretion states of a central magnetar or black hole, or the fallback
accretion process. A sample of similar bursts with multiple emission episodes in the prompt phase and sufficient
follow-up could help to probe the underlying physics of GRB central engines.

Unified Astronomy Thesaurus concepts: Gamma-ray bursts (629); High energy astrophysics (739); Non-thermal
radiation sources (1119); Optical observation (1169); Relativistic jets (1390)

Materials only available in the online version of record: machine-readable table

1. Introduction

Gamma-ray bursts (GRBs) are the most powerful explosions in
the Universe. They are classified into short/long GRBs according
to their duration in gamma rays or the collapsar-/merger-origin
GRBs, depending on the progenitor that generated the explosion
(P. Kumar & B. Zhang 2015; B. Zhang 2018; A. J. Castro-Tirado
et al. 2024). The prompt emission of GRBs is thought to result
from the internal dissipation of the outflow launched from the
central engine (e.g., M. J. Rees & P. Mészáros 1994), while the
subsequent multiwavelength afterglows are the synchrotron
radiation produced by the propagation of shocks in the
circumburst medium (T. Piran 1999; R. Sari & T. Piran 1999).
X-ray observations by the Neil Gehrels Swift Observatory
(hereafter Swift; N. Gehrels et al. 2004; D. N. Burrows et al.
2005) revealed diverse light curves after the burst, including
features like steep decay, flares, plateau, and normal decay
(B. Zhang et al. 2006; C.-H. Tang et al. 2019). Meanwhile, some
GRBs exhibit rebrightenings in the optical bands (e.g.,
D. A. Kann et al. 2024). These are characteristics that deviate
from the expectations of the standard model, i.e., a simple
outgoing blast wave that gives synchrotron radiations (e.g.,
R. D. Blandford & C. F. McKee 1976; R. Sari & T. Piran 1999;
Y. F. Huang et al. 2000; X.-G. Wang et al. 2015), therefore
providing valuable opportunities to advance our understanding of
GRBs’ central engines.

In this Letter, we report our observations and analyses on
GRB 240529A, a recently discovered GRB with simultaneous
apparent X-ray plateau and optical rebrightening. The rapid
follow-ups by space-based and ground-based facilities globally
result in a unique story in the GRB museum. This Letter is
organized as follows: In Section 2, we describe the observa-
tions and data analysis process. Multiwavelength modeling is
present in Section 3, and relevant implications and constraints
are discussed in Sections 4 and 5. We summarize our results in
Section 6.

2. Observations

GRB 240529A is a long GRB, which first triggered the Swift
Burst Alert Telescope (BAT; S. D. Barthelmy et al. 2005;
R. A. J. Eyles-Ferris et al. 2024) on 2024 May 29, 02:58:31
(UT), and was successively followed in the X-ray band by the
X-ray Telescope (XRT; D. N. Burrows et al. 2004;
R. A. J. Eyles-Ferris et al. 2024) and the optical band by the
Ultra-Violet/Optical Telescope (P. W. A. Roming et al. 2005;
S. P. R. Shilling et al. 2024). The refined BAT ground-
calculated position is R.A., decl.= 335°.341, 51°.557 (J2000)

(C. B. Markwardt et al. 2024). The AstroSat satellite (J. Joshi
et al. 2024), the Hard X-ray Modulation Telescope (W. Tan
et al. 2024), and the Interplanetary Network (A. S. Kozyrev
et al. 2024) soon confirmed this detection. It was found that this
burst consists of two separate multipeaked emission episodes by
Konus-Wind (D. Svinkin et al. 2024), among which the first
episode starts at a gap time of Tgap∼ 400 s earlier than the second
one detected by Swift. These two comparable energetic burst
episodes with a clear quiescence time seem rare in the literature.
Multiwavelength follow-ups have been carried out subse-

quently, ranging from X-rays (J. D. Gropp et al. 2024) to the
optical (G. Lim et al. 2024; D. Dutton et al. 2024; S. Y. Fu
et al. 2024; Y. D. Hu et al. 2024; A. Kumar et al. 2024;
V. Lipunov et al. 2024; G. Mo et al. 2024; T. Mohan et al.
2024; A. S. Moskvitin et al. 2024; M. Odeh et al. 2024;
N. Pankov et al. 2024; I. Perez-Garcia et al. 2024; A. K. Ror
et al. 2024; J. Vinko et al. 2024) and radio bands (L. Rhodes
et al. 2024). Its redshift is identified as z= 2.695 using OSIRIS
+ at the 10.4 m Gran Telescopio Canarias telescope at the
Roque de los Muchachos Observatory (A. de Ugarte Postigo
et al. 2024). This gives an equivalent isotropic energy of
;1054 erg for each episode (D. Svinkin et al. 2024).

2.1. Ground Observations

The Burst Optical Observer and Transient Exploring System
(BOOTES; A. J. Castro-Tirado 2023; Y.-D. Hu et al. 2023)
network observed the afterglow of GRB 240529A with three
telescopes for consecutive observations in clear filters:
BOOTES-6 (Dolores Pérez-Ramírez Telescope) 0.6 m robotic
telescope at Boyden Observatory, South Africa; BOOTES-5
(Javier Gorosabel Telescope) 0.6 m telescope at Observatorio
Astronómico Nacional en la Sierra de San Pedro Mártir,
Mexico; and BOOTES-7 telescope at San Pedro de Atacama
Space Observatory, Chile. The BOOTES-6 telescope observed
the GRB 240529A starting on 2024 May 29, 03:05 UT (about
419 s after the BAT trigger).
We have triggered the 1.5 m telescope at Observatorio Sierra

Nevada (OSN; Granada, Spain) for the afterglow observations
in R and Ic bands since 2024 June 1, at 01:06 UT (∼2.9 days
postburst). We also initiated a follow-up campaign with the
2.5 m Wide Field Survey Telescope (WFST) in the g and r
bands separately after midnight of May 29 and on May 30.
WFST is a newly established photometric survey facility
equipped with a 2.5 m diameter primary mirror installed near
the summit of Saishiteng Mountain in northwestern China
(T. Wang et al. 2023).
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Late-time observations of the field were performed with the
Large Binocular Telescope (LBT) using the twin Large
Binocular Cameras instruments equipped with the UV filter
Uspec and the Sloan filters g r i z¢ ¢ ¢ ¢ on 2024 June 5 (A. Rossi
et al. 2024) at the midtime 09:45 UT (7.28 days after the burst
trigger). A second deep epoch was obtained in the r i¢ ¢ filters on
2024 June 12 at the midtime of 08:55 UT (14.25 days after the
burst). Additionally, on the same night, J-band imaging was
also obtained (20:30 UT, ∼14.3 days after the trigger).

2.2. Data Reduction

The basic data reduction followed the standard CCDPROC
procedure (M. W. Craig et al. 2015), and the astrometric
solution was corrected with the Gaia-DR2 catalog (D. Lang
et al. 2010; L. Lindegren et al. 2018). The astrometric solutions
for WFST used a triangle match method (Y.-D. Ping 2024, in
preparation) with the Gaia-DR2 catalog.

For the data from the BOOTES network, we registered all
observation images into the same projection using the SWarp
procedure (E. Bertin 2010). We performed a forced photometry
method with the Source Extractor (E. Bertin & S. Arnouts
1996) with point-spread function (PSF) results generated by
PSFEx (E. Bertin 2013). The observation of BOOTES
networks was using the clear filter, so we calibrated the
observation results to G magnitude in the Gaia-DR2 catalog
(Gaia Collaboration et al. 2018) as magnitude references.

The photometry results for the WFST data were generated by
a pipeline with the PSF photometry using the Source Extractor
with the PSF results generated by PSFEx. The magnitude
calibration of WFST observational data was calibrated against
the Pan-STARRS DR1 catalog (K. C. Chambers et al. 2016).
Representative images of GRB 240529A observed by
BOOTES and WFST are shown in Figure 1.

The afterglow of GRB 240529A in the photometry images of
the OSN telescope was very faint. We took images with the
OSN telescope on August 10 as the reference images for image
subtractions. We registered all the images to the same

projection with SWarp and performed image subtractions with
the Saccadic Fast Fourier Transform package (L. Hu et al.
2022). The photometry results were generated by forced
photometry with photutils (L. Bradley et al. 2024) on the
difference images. The observational results in the R and Ic
bands for OSN observations were calibrated with the Pan-
STARRS DR1 catalog and their bandpass transformations
(J. L. Tonry et al. 2012).
All LBT data were reduced using the data reduction pipeline

developed at INAF—Osservatorio Astronomico di Roma
(A. Fontana et al. 2014), which includes bias subtraction and
flat-fielding, bad-pixel and cosmic-ray masking, astrometric
calibration, and coaddition. The LBT telescope provided very
deep images with magnitude limits reaching 25.5 mag in i band
from the coadded image. Since the point source of GRB
240529A is clearly detected in the LBT image, we performed
PSF photometry using the stand-alone DAOPHOT package
(P. B. Stetson 1987) on these coadded images. The observa-
tional results in the g, r, i, and z bands for LBT observations
were calibrated against the Pan-STARRS DR1 catalog. We
cannot identify any emission from an extended source, i.e., host
galaxy, at the location of the afterglow. Indeed, in the late
images, we identify the possible host galaxy to be offset
(between 1″ and 2″, ≈8–16 kpc) from the afterglow (R.A.
(J2000)= 22h21m25 94, decl. (J2000)=+51°33′40 6) from
the LBT image; thus, we will not consider the host contribution
in our modeling of the light curve.
The TNG image was reduced using the jitter task from the

ESO eclipse package40 (N. Devillard 1997). Photometric
measurements were obtained through both aperture photometry
and PSF-matched photometry with the DAOPHOT package
within IRAF (D. Tody 1986), which were calibrated
against nearby reference stars listed in the 2MASS catalog
(M. F. Skrutskie et al. 2006).
All the photometry results are shown in Table 1.

Figure 1. The left image exhibits the BOOTES-7 image observed at 09:44:40 on 2024 May 29 with a 60 s exposure and a magnitude limit of 18.3 mag in the clear
filter. The right image exhibits the WFST image observed in the g band at 18:29:01 on 2024 May 29 with a 180 s exposure and a magnitude limit of 22.1. Note that in
both images, the circle indicates the position of GRB 240529A, with north registered as up.

40 https://www.eso.org/sci/software/eclipse/
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3. Modeling

Combining all the available data, we show the multiwavelength
afterglow emissions of GRB 240529A in Figure 2. During the
prompt phase, the released isotropic gamma-ray energy of each
episode is ;1054 erg (D. Svinkin et al. 2024). Rather than a
power-law decay in normal bursts, optical afterglows show
rebrightenings with a peak time of ;1.2× 104 s in GRB
240529A, accompanied by an apparent X-ray plateau. The
long-term monitoring of XRT indicates that the temporal index
changes from −1.76± 0.03 to −2.74± 0.21 at ∼105 s, which
may be a result of the jet beaming break (T. Piran 2000).
However, no significant simultaneous break is present in optical
bands due to insufficient observation sampling around this time.
In the following, two possible scenarios are explored to
understand the characteristics of GRB 240529A.

3.1. The Magnetar Scenario

Energy injection processes (Z. G. Dai & T. Lu 1998a, 1998b;
Y.-Z. Fan & D. Xu 2006; J. J. Geng et al. 2013; H. van
Eerten 2014) or the refreshing of the forward shock (FS) by late-
arriving shells (B. Zhang & P. Mészáros 2001) are often invoked
to explain the production of an X-ray plateau. On the other hand,
it has been suggested that the central engines of some GRBs are
newly born magnetars, from which a wind of Poynting flux
(Z. G. Dai & T. Lu 1998b; B. Zhang et al. 2006) or electron–
positron pairs could inject into the FS and result in an X-ray
plateau (Z. G. Dai 2004; Y. W. Yu & Z. G. Dai 2007; Y. W. Yu
et al. 2007). This magnetar model has successfully been applied in
explaining the simultaneous X-ray plateau and the optical
rebrightening in some GRB afterglows (J. J. Geng et al. 2016;
J.-J. Geng et al. 2018a). However, we realize that this scenario

Figure 2. Modeling the multiwavelength afterglow of GRB 240529A with the two external shocks. The dotted and dashed lines represent emissions from the former
and the later shocks, respectively, and the the solid lines are the sum of them. The X-ray data are taken from the Swift/XRT website (http://www.swift.ac.uk/xrt_
curves/01231488/). The optical data are taken from Section 2 and GCN circulars (C. Adami et al. 2024; J. An et al. 2024; A. de Ugarte Postigo et al. 2024; D. Dutton
et al. 2024; S. Y. Fu et al. 2024; G. Lim et al. 2024; G. Mo et al. 2024; T. Mohan et al. 2024; M. Niwano et al. 2024; M. Odeh et al. 2024; N. Pankov et al. 2024;
A. K. Ror et al. 2024; A. Rossi et al. 2024; J. Vinko et al. 2024). The radio data are taken from L. Rhodes et al. (2024). Note that the prompt emission and the steep
decay of the later burst are not used in the fitting. The optical data have been corrected for Galactic extinction of E(B − V ) = 0.29 mag (E. F. Schlafly &
D. P. Finkbeiner 2011). The excess of the modeling flux at the short wavelengths hints at the potential extinction of the host galaxy.

Table 1
All Photometry of GRB 240529A

T − T0 σT MJD σMJD Mag σmag Filter Telescope
(s) (s) (days) (days)

1552.42 60.00 60459.141938 0.000700 16.13 0.10 clear BOOTES-6
55830.00 180.00 60459.770150 0.002083 20.11 0.03 g WFST
256226.16 3929.16 60462.089550 0.045500 20.59 0.09 I OSNT150
629256.50 843.00 60466.407031 0.009800 23.36 0.09 i LBT
697453.00 3459.00 60467.196343 0.040035 21.30 0.34 J TNG
... ... ... ... ... ... ... ...

Note. Magnitudes are only calibrated with reference catalogs described in Section 2, without the extinction corrections in the Milky Way or GRB host galaxy.

(This table is available in its entirety in machine-readable form in the online article.)
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requires an unusually high stellar spin in the case of GRB
240529A, as estimated in the following paragraph, unless a
Poynting-flux-dominated wind or an electron–positron-pair-domi-
nated wind that is available for energy injection is beamed in a jet.

The wind luminosity from the rotating magnetosphere of the
magnetar is (e.g., S. L. Shapiro & S. A. Teukolsky 1983; R. X. Xu
& G. J. Qiao 2001; I. Contopoulos & A. Spitkovsky 2006)
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where BNS is the strength of the surface magnetic field of the
magnetar, RNS is the radius, P0 is the initial spin period,
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timescale of the magnetar, and I is its moment of inertia. The
convention Qx=Q/10x in centimeter gram second units is
adopted hereafter. If we attributed the X-ray luminosity near
the end of the plateau to the dissipation of the magnetar wind
with an efficiency of η, i.e., LX; ηLw(Tsd), one can obtain
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which requires a newborn submillisecond magnetar for GRB
240529A with ( ) L D F z4 1 2 10X L

2
X

1 49Xp= + ´b- erg s−1

and Tsd; 104 s as inferred from the X-ray data. Here, an observed
flux of FX; 3× 10−10 erg cm−2 s−1 and a spectral index of
βX; 1.2 by the XRT is used. Such a rapidly rotating neutron star
is outside of the magnetars associated with GRBs with plateaus
(G. Stratta et al. 2018) and beyond the prediction of any equation
of state for dense nuclear matter. However, it could be a strange
quark star (J. A. Frieman & A. V. Olinto 1989). This is because
the gravitational-radiation-driven r-mode instability of a rapidly
spinning star is highly suppressed due to a large bulk viscosity
associated with the nonleptonic weak interaction among quarks,
and thus a newborn strange quark star can rotate at a
submillisecond period (Z. G. Dai et al. 2016).

3.2. The Two-shock Scenario

Considering that there are two energetic emission episodes in
the prompt phase, it is reasonable to suppose that each episode
would drive an FS into the circumburst environment and the
observed flux is the superposition of the emission from these

two shocks. Energy extraction processes directly from the
central engine do not suffer from the energy budget issue
discussed in Section 3.1. In this scenario, the early observed
decaying optical afterglow is contributed by the former shock,
while the optical rebrightening is due to the onset of the
emission from the later shock. Since the emission of the former
shock is obscured by that of the later shock for tobs� 5× 103 s,
it is difficult to sufficiently constrain relevant parameters of the
former shock. The parameters of the former shock are chosen
to interpret the early decaying optical afterglow within
∼3× 103 s (i.e., the coasting phase is too short) and to ensure
that the X-ray afterglow does not exceed the observed flux of
the second prompt episode. The scarcity of data and the strong
degeneracy among parameters render these parameter values
solely for reference purposes. As the afterglow temporal
indices of one shock usually get steeper with time, it is
reasonable to assume that the emission of the former shock is
much fainter than that of the later shock. Therefore, how the
early emission is modeled has little influence on fitting to
the rest of the data. Hence, we mainly focus on the properties of
the later shock below. Assuming that the initial Lorentz factor
and the isotropic kinetic energy of the later shock are Γ0 and
EK,iso, the peak time of the optical rebrightening corresponds to
the end of the coasting phase of the blast wave in the standard
GRB shock model (R. D. Blandford & C. F. McKee 1976;
R. Sari & T. Piran 1999), i.e.,
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where n is the number density of the ambient medium
experienced by the later shock. The relatively long peak time of
;104 s of GRB 240529A indicates that Γ0 of the later shock
should be significantly smaller than the typical value of ∼300
(G. Ghirlanda et al. 2018).
Detailed numerical calculations to fit the multiwavelength

data are performed to demonstrate the consistency of this
scenario. The generical dynamical equations (Y. F. Huang et al.
1999, 2000; A. Pe’er 2012) incorporating the jet sideways
expansion (J. Granot & T. Piran 2012) are adopted to describe
the jet dynamics. We then solve the continuity equation of
electrons accelerated by the FS in the energy space, from which
multiwavelength afterglows are derived (J.-J. Geng et al.
2018b; H.-X. Gao et al. 2024). The “thermal” electrons due to
the inefficient shock heating are included in our calculations
(D. Giannios & A. Spitkovsky 2009; H.-X. Gao et al. 2024).
Specifically, the ratio of the nonthermal electron energy to the
whole shocked electron energy δ is taken as 0.8. Seven
parameters, i.e., EK,iso, Γ0, the half-opening angle of the jet θj,
the accelerated electron spectral index p, the equipartition
parameters for shocked electrons ξe and magnetic fields ξB, and
the medium density number n are left free for each shock.
Parameters of the former shock are chosen after several trials
by hand. In contrast, parameters of the later shock are
constrained by embedding our numerical module into the
prevailing Markov Chain Monte Carlo Ensemble sampler
called emcee (D. Foreman-Mackey et al. 2013), as in our
previous works (J. J. Geng et al. 2016; F. Xu et al. 2022). The
posteriors are listed in Table 2 and Figure 3, whose derived
initial bulk Lorentz factor of 43.60 0.1

0.1G = -
+ is consistent with

the analytical analysis above. Figure 2 shows that the observed
afterglows are well explained by those predicted by the two-

Table 2
Parameters Used in the Modeling of the Afterglow of GRB 240529A

Parameters Former Shocka Later Shock

EK,iso (10
54 erg) 1.0 5.0 0.001

0.001
+
-

Γ0 800 43.6 0.1
0.1

-
+

θj (rad) 0.05 0.03 0.001
0.001

-
+

p 2.4 2.05 0.001
0.001

-
+

ξe 0.1 0.24 0.004
0.003

-
+

ξB 2.0 × 10−4 1.6 0.04
0.04

-
+ ×10−4

n (cm−3) 7.0 10.0 0.05
0.02

-
+

Note.
a It is hard to constrain the parameters of the former shock strictly.
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shock scenario. Since the highest photon energy of ;3MeV
announced by Konus-Wind (D. Svinkin et al. 2024) is less than
the critical value of Γ0mec

2/(1+ z); 6MeV, the photons
would not suffer from the annihilation during the prompt phase.
Detailed spectral analyses may give a more robust low limit for
allowed values of Γ0. Due to the degeneracy between EK,iso and
n, and the uncertainty of radiation efficiency during the prompt
phase, EK,iso always tends to be a large value, i.e., the upper
boundary of the priors. Note that the ambient number density

for the two shocks launched subsequently is not necessarily the
same since the leading one would modify the environment.
The observational flux density of the J band exceeds our

afterglow modeling at the late time around 106 s (see Figure 2).
This exceeding flux corresponds to a component with a
luminosity level of 1044 erg s−1 in the ultraviolet band at the
rest frame, which could be emissions from the shock breakout
in a supernova (S. Gezari et al. 2015), a potential super-
luminous supernova (M. R. Drout et al. 2014), or other

Figure 3. The corner plot of the fitting result in Figure 2. It shows all the one- and two-dimensional projections of the posterior probability distributions of seven
model parameters listed in Table 2. The one-dimensional histograms are marginal posterior distributions of these parameters, in which the vertical dashed lines
indicate the 16th, 50th, and 84th percentiles of the samples, respectively.
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underlying sources. Its exact origin is highly uncertain and out
of the scope of this Letter.

4. Discussion

As the two-shock scenario could well explain the multi-
wavelength emission of the GRB 240529A, the underlying
physics to launch two energetic jets separately from the central
engine remains puzzling. Three possible origins are dis-
cussed here.

First, if the central engine is a magnetar, the bursting phase
and the quiescence time may be interpreted as the transition
between the accretion and propeller phases, regulated by the
ordering of the magnetospheric radius and the corotation radius
(Z. G. Dai & R.-Y. Liu 2012; S. Dall’Osso et al. 2023). The
magnetospheric radius (a fraction of the Alfvén radius) is

r mm
4 7 2 7mµ - , and the corotation radius writes as rco =

( )GMP 42 2 1 3p , where μ is the magnetic moment and m is the
mass accretion rate. The infant magnetar may take time to
amplify its surface magnetic field and establish a relatively
stable configuration (R. Raynaud et al. 2020), during which the
accretion would occur and produce the first emission episode.
When the magnetic field becomes strong enough, the emission
ends as the system enters into the propeller regime (rm� rco).
After a period of inactivity, the accretion will start again once
the magnetar spin slows down to get into the accretion regime
(rm; rco) and hence will produce the second emission episode.
Assuming the burst luminosity to be mc2µ , the quiescence time
between two burst episodes gives
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where L̄1 and L̄2 are the average luminosity of the former and
later bursts, respectively. Taking ¯ ¯ L L 31 2 and Tgap; 400 s, it
further constrains the surface magnetic field strength to be

⎜ ⎟⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

( )

B
Y I

P R

6 10
130 10 g cm

1 ms 10 cm
G, 5

NS
15

1 2

45 2

1 2

0 NS
6

3

´

´

-

-



which is consistent with the magnetar assumption.
Second, if the central engine is a rotating black hole (BH), it

is suggested that relativistic jets could be launched from the
magnetically arrested disk (A. Tchekhovskoy et al. 2011). In
this scenario, the quiescence time longer than 10 s may
correspond to the time in which the disk undergoes the
interchange instability and the flux diffuses out into the disk
(N. M. Lloyd-Ronning et al. 2016). The activity may restart
after a viscosity timescale of τvis. Under a simple Shakura–
Sunyaev prescription of the disk around a BH with a mass
of MBH, we have (e.g., N. M. Lloyd-Ronning et al. 2016;
W.-H. Lei et al. 2017; T. Liu et al. 2017)
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where α is the viscosity parameter, H/R is the ratio of disk height
H to radius R, Rg is the Schwarzschild radius, and Me is the solar
mass. The relatively longer Tgap here may indicate that the H/R is
somehow smaller. Also, other reasons like fallback debris
(J. K. Cannizzo et al. 1990; J. K. Cannizzo & N. Gehrels 2009;

W. H. Lee et al. 2009) can be invoked to explain for the second
energetic burst.
At last, the central engine may be a rapidly rotating

supramassive neutron star initially that collapses into a BH later
(M. Vietri & L. Stella 1998; H. Falcke & L. Rezzolla 2014;
P. D. Lasky et al. 2014; V. Ravi & P. D. Lasky 2014). The
collapse time (�Tgap) is in the range of ∼10–4.4× 104 s (V. Ravi
& P. D. Lasky 2014). In this case, since the disk formation is
seemingly unfeasible after the collapse of an isolated neutron star
(B. Margalit et al. 2015), additional fallback materials from the
progenitor are still required to produce the second burst.
All these possible mechanisms for the long-standing period

between the two prompt episodes are principally consistent
with the two-shock scenario for afterglow modeling. The
significantly smaller bulk Lorentz factor for the second episode
suggests that the baryon loading of the second episode is larger
than that of a typical burst, supporting an accretion-driven
origin. However, it is hard to tell whether the central engine is a
magnetar or a BH without clues on the progenitor star type or
other robust evidence directly from the central compact star, a
critical issue among most GRBs. On the contrary, the apparent
X-ray plateau of GRB 240529A reminds us to be careful when
we immediately associate the plateau feature with a central
magnetar. Had Konus-Wind not detected the former emission
episode, such a misleading conclusion would have occurred.
A single jet could be unstable to kink or sausage instabilities

caused by toroidal magnetic fields and produce several
luminous knots (e.g., E. T. Meyer et al. 2013; O. Bromberg
& A. Tchekhovskoy 2016). These knots may be responsible for
different emission episodes at the prompt stage. However, it is
not easy for these knots to drive relativistic GRB shock and
produce subsequent GRB afterglow emission episodes.

5. Model Applicability and Constraints

We now discuss the application scope of the two-shock
scenario in the face of the diversity of GRB prompt emission
and afterglows. There are GRBs with two equivalent, well-
separated peaks in their prompt emission with no rebrightening
in their optical afterglow. This could be due to several reasons.
First, the catch-up process of the two shocks would merge them
into one blast wave soon if the separation time between two
peaks is relatively short and the later shock is moving faster.
Moreover, shock parameters like kinetic energy of the later
shock may produce an afterglow emission fainter than that of
the early shock. In addition, the superposition of the two
emission components with either fast- or slow-decaying
behavior may not necessarily lead to the rebrightening but a
smooth temporal transition only. Hence, it is not easy to
identify the afterglow emission of the later shock with
confidence from the observations like GRB 240529A.
For GRBs with one main emission episode in the prompt

phase and rebrightenings in their optical afterglow, the
traditional energy injection scenarios should be preferred only
if they do not suffer from the energy budget issue of the central
engine (Section 3.1).

6. Conclusions

In this Letter, we report our observations of the recently
detected GRB 240529A. Our data show clear optical
rebrightening with a peak time of ;1.2× 104 s. The informa-
tion on prompt emission motivates us to interpret the apparent
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X-ray plateau and the optical rebrightening of GRB 240529A
using the two-shock scenario, rather than the traditional
magnetar-wind-injection scenario. The peak time of the optical
and X-ray afterglow suggests a relatively smaller initial bulk
Lorentz factor of Γ0∼ 50 for the later shock, which is also
confirmed by the multiwavelength afterglow modeling using
our numerical method (J.-J. Geng et al. 2018b; H.-X. Gao et al.
2024).

The prompt energy and Γ0 of the second episode do not
follow the relationship revealed by other bursts with much
earlier peak time (E.-W. Liang et al. 2010; S.-X. Yi et al. 2017).
This indicates that the baryon loading of the second episode
should be larger than that of typical bursts. This high baryon
loading may prefer a neutrino-driven jet from a hyperaccreting
BH rather than a magnetically dominated jet (W.-H. Lei et al.
2013). In comparison with the first episode, which could be a
cleaner jet by extracting the rotation energy of a central BH
(R. D. Blandford & R. L. Znajek 1977), an accretion-driven jet
for the second episode could be reasonable if the spin of the BH
or the surrounding magnetic field strength decreases signifi-
cantly after a period of 400 s.

In some GRBs, there is a weak precursor before the main
burst with the time gap ranging from ∼1 to 103 s (D. Burlon
et al. 2008). Bursts composed of two comparable main phases
like GRB 240529A are unusual. It may be due to the difficulty
of identifying possible candidates from bursts with multiple
peaks and episodes of different energy intensities in practice
(L.-B. Li et al. 2015) or the rarity of the physical mechanisms
themselves.

Shock parameters like EK,iso and n are not well constrained
in our fit due to the degeneracy between parameters and the
radiation efficiency that is poorly known. Nevertheless, current
fitting results show that the radiation efficiency of the first
episode is higher than that of the second episode, which is
consistent with the change of jet property by the different
energy extraction mechanisms mentioned above, i.e., from
Poynting-flux dominated (C. Thompson 1994; B. Zhang &
H. Yan 2011) to baryon-matter dominated (R. Popham et al.
1999; R. Narayan et al. 2001; W.-M. Gu et al. 2006; W.-H. Lei
et al. 2013). As more adequate multiwavelength data from the
GeV to the radio band are crucial to narrowing down the
parameter space, dedicated follow-up schemes of GRB after-
glow are eagerly invoked to advance our understanding of
GRBs in the current era.

Our work addresses the significance of analyses in the synergy
of the prompt emission and the afterglow emission, which will
also be shown in a series of works soon. The two active episodes
separated by a quiescence time of ∼400 s may be caused by the
transition between different accretion states of a central magnetar
or BH, or the fallback accretion process. High-cadence multi-
wavelength monitoring of more similar bursts may shed light on
the physics of the central engine and progenitors.
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