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X-ray light curves of gamma-ray burst (GRB) afterglows exhibit various features, with the shallow
decay phase being particularly puzzling. While some studies report absence of the X-ray shallow
decay for hyper-energetic GRBs, recently discovered GRB 240529A shows a clear shallow decay

phase with an isotropic gamma-ray energy of 2.2 x 10°*

erg, making it a highly unusual case
compared to typical GRBs. In order to investigate the physical mechanism of the shallow decay,
we perform the Fermi-LAT analysis of GRB 240529A along with Swift-XRT analysis. We find no
jetbreak feature in the X-ray light curve and then give the lower bound of the collimation-corrected
jet energy of > 1072 erg, which is close to the maximum rotational energy of a magnetar. Our
LAT data analysis reveals GeV emission with a statistical significance of 4.50 during the shallow
decay phase, which is the first time for hyper-energetic GRBs with a typical shallow decay phase.
The GeV to keV flux ratio is calculated to be 4.2 + 2.3. Together with X-ray spectral index, this
indicates an inverse Compton origin of the GeV emission. Multiwavelength modeling based on
time-dependent simulations tested two promising models, the energy injection and wind models.
While the energy injection model shows a tension with LAT data, both models can explain the
X-ray and GeV data. We present our results along with the future prospects of the current or next
generation gamma-ray telescopes for distinguishing between the shallow decay models. For full
details of the results, see the published paper [1].
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1. Introduction

X-ray afterglows in a large fraction of GRBs (approximately 90%; see [2, 3]) show a shallow
decay behavior (f, o 7795 or shallower) during initieal ~10%s [4, 5]. Although the origin of the
shallow decay is still largely unknown, it is generally believed to be related to the central engine
of GRBs. Several models are proposed to explain the shallow decay such as the energy injection
model [6-8], evolving microphysical parameters [9-11], and the wind model [12, 13]. While a
long activity of the central engine, such as a magnetar, has been considered for the energy injection
model [7], [14] show that the finite thickness of the ejecta can naturally cause the evolution of
the forward shock equivalent to the energy injection model. The wind model is also attractive.
Unlike the energy injection model, it does not require a long activity for the central engine with a
non-trivial evolution of the luminosity or bulk Lorentz factor [12, 13]. As shown in [15], GeV-TeV
gamma-ray observations can provide clues to understand the shallow decay phase.

The detection of GRB 240529A was initially reported by the Burst Alert Telescope (BAT;
[16]) on the Neil Gehrels Swift Observatory (Swift) spacecraft on 29 May 2024, 02:58:31 UT
(hereafter Typ; [17]). The prompt duration Tyg (the time corresponding to 5%-95% of a burst
fluence) is 160.67 + 14.52 s in the 15-350keV band. There was no onboard trigger of the prompt
emission by the Fermi Gamma-Ray Burst Monitor. The X-Ray Telescope (XRT; [18]) on Swift
started observations of GRB 240529A 107 s after BAT trigger [19]. From its X-ray light curve,
the afterglow shows shallow decay expressed by a temporal index of —0.21 + 0.03, followed by a
steeper decay than usual cases with a temporal index of —2.02 +0.04 with a break at 1.63(5) x 10*s.
0.3-10 keV energy flux during the shallow decay phase is approximately 2 x 107 ergem™2s7!,
which is one of the brightest shallow decay in X-rays [20-22].

Given the fluence measurement of S,, = 1.3’:%'.‘; x10™*ergecm™2 (20 keV — 10 MeV) by Konus-
Wind and the redshift measurement of z = 2.695 by GTC telescope [23], the isotropic-equivalent
gamma-ray energy of the prompt emission, E, i, is estimated to be E, j5o = 2.2J:%'Zg x 10°% erg [24],
which makes the GRB an energetic event among GRB population. GRB 240529A possess the most
shallow decay index of 0.2 among hyperenergetic GRBs with Ejs, > 10°* erg, while other bursts
show steeper decay index than the typical value of 0.5, making GRB 240529A a unique event with
an evident X-ray shallow decay feature. Due to its characteristics, GRB 240529 A may offer insights
into the physical mechanism behind the shallow decay phase.

In this work, we present the Fermi-LAT analysis of GRB 240529A and the multi-wavelength
modeling, together with the future prospect. The details of the analysis and the results are described
in [1].

2. Fermi-LAT Analysis

We use 6 x 10° s of data of Pass 8 SOURCE class data [25, 26] between 100 MeV and 10
GeV. The upper bound of the energy is chosen to be 10 GeV, since an absorption by extragalactic
background light (EBL) starts to be non-negligible in the higher energies. Events within 20° of
the GRB position (enhanced XRT position: R.A., decl. =335% 358, +519562) are extracted. Events
detected at zenith angles larger than 100° were excluded to limit the contamination from gamma
rays generated by cosmic ray interactions in the upper layers of Earth’s atmosphere.
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We performed an unbinned likelihood analysis with the latest Fermitools package (v2.2.0),
utilizing the P8R3_SOURCE_V3 instrument response function. The region of interest (ROI) is
modeled from the latest Fermi-LAT source catalog based on 14 yr of data, 4FGL (data release 4,
[27]) for point and extended sources that are within 15° of the ROI center, as well as the latest Galactic
diffuse and isotropic diffuse templates (g11_iem_v07.fits and iso_P8R3_SOURCE_V3_vl.txt,
respectively). Throughout the analysis, the spectral parameters of the 4FGL sources were kept fixed
to the values from the catalog.

The background components were first determined using the data up to 6 x 10’ s since Ty. The
obtained best-fit spectral parameters of the background components were fixed and used for the
further analysis. Then, we computed count and test statistic (TS) maps in order to search for any
residual gamma-ray emission. The TS value is defined to be the natural logarithm of the ratio of
the likelihood of one hypothesis (e.g., presence of one additional source) and the likelihood for the
null hypothesis (e.g., absence of source). Note that there were no gamma-ray events between Tj
and 7 = 1 x 103 s due to the ROI outside of LAT’s field of view, and hence the maps were generated
with time intervals after # = 1 x 10> s. The first time interval (1 x 10% s—5 x 10* s) is chosen to cover
the X-ray shallow decay phase with a sufficient margin of time. From the TS maps, we discovered
a point-like gamma-ray source coincident in position with GRB 240529A in the time range of
1 x 10° s=5x 10*s. This is the first GeV discovery for the shallow decay GRBs with Ejs, > 10°* erg
with a typical shallow decay. No significant source is found at times beyond # = 5 x 10*s.

We localized the point source with gtfindsrc to find the best-fit position and uncertainty.
The localized position for the new gamma-ray source is offset by 0205 from the exact position of
GRB 240529A (R.A., decl. = 3352358, +512562) and has R.A., decl. =335%43, +51°59 (J2000).
The corresponding 95% positional uncertainty radius is r = 07 18, indicating a good consistency
between the GRB position and the localized position.

To model the gamma-ray emission coincident with GRB 240529A, we added a point source at
the GRB position to the source model. We set the spectrum to PowerLaw2 model, with its photon
index fixed to 2.0 or allowed to vary. The returned TS value for the case of the fixed photon index
is 20, corresponding to a detection significance of 4.5¢0.

3. Modeling and Discussion

From Fermi-LAT spectral analysis, the flux ratio between the GeV and keV energy ranges is
Foev/Frev = 4.2 £ 2.3, strongly suggesting that the GeV emission arises from an inverse Compton
component rather than a synchrotron component. This is also supported by the photon index of
2.1 obtained from the XRT spectrum, which is difficult to explain the obtained LAT flux by the
extrapolation of the XRT spectrum. To produce an efficient inverse Compton emission, a high
Compton parameter Y is necessary, indicating a low energy fraction of the magnetic field eg, or
high energy fraction of electrons €, and large blastwave energy EXx iso-

To reproduce the lightcurves and spectra, primarily focusing on the behavior during the shallow
decay phase, we adopt the simulation code in [15], in which the shallow decay afterglow is discussed
with time-dependent simulations. The code was developed in [28] [see also, 29]. The evolution
of the electron and photon energy distributions in the shocked region is followed taking into
account particle injection, synchrotron emission, synchrotron self-absorption, inverse Compton (IC)
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emission, yy-absorption, electron—positron pair creation, adiabatic cooling, and photon escape. The
bulk Lorentz factor I" of the shocked region is self-consistently solved with the energy conservation
law. The photon flux for observers is calculated considering the Doppler beaming and the surface
curvature.

Here we adopt two models for the shallow decay phase: the energy injection model [6—8]
and the wind model [12, 13]. Both models reproduce the X-ray flux and spectrum during the
shallow decay phase (T — T : 600 — 1.6 x 10* s), with the X-ray flux consistent within a factor of 2.
Concerning the GeV light curve during the shallow decay phase, we compared the mean model flux,
calculated between (Tp+)1x10° —1.6x 10*s, with the LAT data. Both models yielded no significant
differences with respect to the LAT data, showing less than 10~ deviations. In reproducing the GeV
flux, the large €. and small € in the energy injection model are required to realize the observed
GeV flux by synchrotron self-Compton (SSC) emission and the X-ray flux (e € _lel(gp D/ 4) by
synchrotron emission keeping the synchrotron peak frequency v, o« €2e 113/ 2 high enough to suppress
the optical flux. In the energy injection model, the electron minimum Lorentz factor yy, is much
higher than that for the wind model. Therefore, the spectral peak frequency (~ 0.1 TeV) of the SSC
component is much higher than that of the wind model (~ 1 GeV). Therefore, the intrinsic TeV flux
is suppressed in the wind model compared to the energy injection model. Both models require Ex ;o
exceeding 10 erg, which implies a significant amount of the blastwave kinetic energy, surpassing
the radiation energy released during the prompt phase (2.2 x 10°* erg). As for GeV spectrum, the
hard spectral index (~ 1.24) in the LAT energy range for the energy injection model is deviated from
the LAT result (2.99 + 0.64) by 2.70, while for the wind model case (index ~ 1.91) the deviation
is 1.70. Thus, the LAT data shows a tension with the energy injection model; however, the limited
photon statistics of the LAT data prevent a definitive conclusion. It should be noted that it is easier
to reproduce the soft GeV spectrum in the wind model due to its low spectral peak frequency of the
SSC component.

4. Future Prospect

In this section, the detectability of shallow decay GRBs with future Cherenkov Telescope Array
Observatory (CTAO) is discussed. Here, the modeled time-dependent spectra of GRB 240529A for
both the energy injection and the wind model are used for the target of this study. As demonstrated
in [15], a precise measurement of the GeV light curve and the spectral evolution during the shallow
decay phase is crucial to identify the physical mechanism behind the shallow decay.

In order to study whether the future CTAO is capable of detecting the temporal evolution of the
spectrum, differential sensitivity for different integration times are simulated. The calculation of the
sensitivity is performed using gammapy, adopting the official instrument response functions of four
LSTs [30]. The wobble offset is assumed to be 0.6°, which is larger than the standard value used
for point source observations of LST-1. This value is chosen to take into account the worse PSF in
low energies near threshold, thus the sufficient number of background region can be applied. Note
that the offset value needs to be optimized once the PSF for full LST array is evaluated. The event
selection cuts are already applied to the IRFs based on the observation time (1800 s and 18000 s).
Zenith angle is selected to be 20° to test the best performance of LSTs in low energies.
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The observation is defined as follows. The observation is divided into five consecutive blocks
starting from 500 s until 10° s, which are logarithmically spaced in time. A time duration of
observation is computed for each block, which is simply a total time length of each block. Taking
into account the real observation, the maximum observation time per block is set to 4 hours. A
reference time is defined to be a geometric mean of each block, and the spectrum at each reference
time resembles the spectrum during each block.

The calculated 5o differential sensitivity for each observation block is presented in Figure 1
along with the reproduced spectra of GRB 240529A for the both models. As for the energy injection
model one can see that VHE emission can be well detected for all observation blocks, while for the
wind model VHE emission can be well detected in 4200-35000 s (1.2-9.6 h) and barely detected
in 1400-4200 s (0.4-1.2 h). Given that both models are detectable few thousand seconds after the
GRB trigger, the fast reaction to the GRB trigger is not quite necessary to study VHE emission of
GRBs with shallow decay phase.

It should be noted that GRB 240529A-like event can be detected even under a strong EBL
attenuation for a redshift z = 2.7. This redshift value is significantly greater than the highest redshift
of z = 1.1 ever detected by ground-based TeV instruments [31], demonstrating the detection power

of future LST array.
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Figure 1: Time-resolved differential sensitivity (dotted line) of future LST arrays plotted along time-resolved
spectra (solid line) of GRB 240529A predicted by energy injection (left) and wind (right) model. Colors
correspond to reference times of observation blocks (see text). Note that maximum observation time per
block is set to be 4 hours, thus there are only 4 curves for the sensitivity (the yellow dotted line represents
the sensitivity for the last two observation blocks).

5. Summary

Recently discovered GRB 240529A has an extremely large isotropic gamma-ray energy release
of 2.2 x 10°* erg and a prominent X-ray shallow decay phase with a decay index of 0.2, indicating
that the burst is a unique case which provides a valuable key to understanding the physical process
of the shallow decay phase. In this work, we presented Fermi-LAT analysis of GRB 240529A,
indicating the evidence of GeV emission (4.50) covering the X-ray shallow decay phase of the GRB.
The flux level of the GeV emission is 4.2 + 2.3 times larger than the keV flux, suggesting that the
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GeV emission is dominated by strong IC emission. We performed the multiwavelength modeling
based on the time-dependent simulations and tested the two promising models of the shallow decay
phase: the energy injection model and the wind model. Both models reproduce the X-ray and
GeV data during the shallow decay phase, though the GeV spectrum indicates some tension with
the energy injection model. Although distinguishing between them requires better statistics, our
modeling shows that gamma-ray observations are a useful tool in constraining the shallow decay
models. Future GeV-TeV observations by CTAO will play a pivotal role in constraining models of
the shallow decay phase as demonstrated in this work.
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