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Abstract

GRB 221009A is the brightest gamma-ray burst (GRB) observed to date. Extensive observations of its afterglow
emission across the electromagnetic spectrum were performed, providing the first strong evidence of a jet with a
nontrivial angular structure in a long GRB. We carried out an extensive observation campaign in very-high-
energy (VHE) gamma rays with the first Large-Sized Telescope of the future Cherenkov Telescope Array
Observatory starting on 2022 October 10, about 1 day after the burst. A dedicated analysis of the GRB 221009A
data is performed to account for the different moonlight conditions under which data were recorded. We find an
excess of gamma-like events with a statistical significance of 4.1¢0 during the observations taken 1.33 days after
the burst, followed by background-compatible results for the later days. The results are compared with various
models of afterglows from structured jets that are consistent with the published multiwavelength data but entail
significant quantitative and qualitative differences in the VHE emission after 1 day. We disfavor models that
imply VHE flux at 1 day considerably above 10~ ''ergem ?s'. Our late-time VHE observations can help
disentangle the degeneracy among the models and provide valuable new insight into the structure of GRB jets.
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Unified Astronomy Thesaurus concepts: Gamma-ray bursts (629); Transient sources (1851); Non-thermal

radiation sources (1119)

1. Introduction

Gamma-ray bursts (GRBs) are brief, intense flashes of
gamma rays peaking in the MeV band, detected at an average
rate of ~1 day!, randomly distributed in the sky
(C. A. Meegan et al. 1992). The initial, prompt phase of their
emission exhibits irregular variability and typically lasts
seconds to minutes (G. J. Fishman et al. 1994). This is
followed by the afterglow phase, where emission across the
electromagnetic spectrum decays more gradually, over time-
scales of hours up to months (J. van Paradijs et al. 2000).
Based on the duration and spectra of the prompt emission,
they are classified as either short- or long-duration GRBs
(C. Kouveliotou et al. 1993). Long GRBs are known to
typically originate from the core collapse of some massive
stars (S. E. Woosley & J. S. Bloom 2006), while short GRBs
are widely thought to be triggered by the coalescence of binary
compact objects (E. Berger 2014; R. Margutti & R. Chornock
2021). For either GRB class, the event is believed to generate
collimated jets of plasma with ultrarelativistic bulk velocities,
within which the prompt emission is produced and observed as
a GRB when the jet is oriented close to our line of sight
(M. J. Rees & P. Meszaros 1994). The afterglow emission
from the radio band up to the GeV band is robustly interpreted
as synchrotron radiation by electrons accelerated in a blast
wave, triggered by the interaction of the jet with the ambient
medium (P. Mészaros & M. J. Rees 1997; R. Sari et al. 1998;
T. Piran & E. Nakar 2010). Inverse Compton radiation by the
same electrons can induce afterglows at even higher photon
energies (Y.-Z. Fan & T. Piran 2008). For reviews on GRBs,
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see P. Mészaros (2002), T. Piran (2004), N. Gehrels &
P. Mészaros (2012), and P. Kumar & B. Zhang (2015).

Gamma-ray emission at very high energies (VHEs;
E > 100 GeV) from GRBs had been long expected (P. Mészaros
et al. 1994; B. Zhang & P. Mészaros 2001; J. Kakuwa et al. 2012;
S. Inoue et al. 2013; L. Nava 2018) but was not observationally
verified until recently, with the detection of VHE gamma-ray
emission from four different GRBs with the Major Atmospheric
Gamma Imaging Cherenkov (MAGIC) and High Energy Stereo-
scopic System (H.E.S.S.) telescope facilities: GRB 190114C
(MAGIC Collaboration et al. 2019), GRB 180720B (H. Abdalla
et al. 2019), GRB 190829A (H. Abdalla et al. 2021), and
GRB 201216C (H. Abe et al. 2023b). These detections
confirmed that at least some long GRBs emit VHE gamma
rays during the afterglow phase (L. Nava 2021; D. Miceli &
L. Nava 2022; K. Noda & R. D. Parsons 2022). For short
GRBs, a ~30¢ hint was reported by MAGIC for GRB 160821B
(V. A. Acciari et al. 2021).

On 2022 October 9 at 13:16:59.99 UTC, hereafter T, the
Gamma-ray Burst Monitor (GBM) on board the Fermi
Gamma-Ray Space Telescope detected an extremely bright
burst at 0.01-1 MeV lasting hundreds of seconds (S. Lesage
et al. 2022, 2023).%¢ The Swift Burst Alert Telescope (BAT)
reported the detection of a very bright transient at 15-150 keV
at 14:10:17 UTC at the coordinates (R.A.,decl.)(J2000) =
(19"13m3%43, 19°46'16°3) (S. Dichiara et al. 2022;
M. A. Williams et al. 2023), triggering follow-up observations
by other instruments. From the detections by Fermi-GBM and
Swift-BAT coincident in time and localization, the source was
recognized as an extremely bright long GRB, labeled GRB
221009A (J. A. Kennea et al. 2022). Other instruments on
satellites such as AGILE-GRID (M. Tavani et al. 2023),
Insight-HXMT (W. J. Tan et al. 2022), and GECAM-C

86 A bright, line-like emission feature of unknown origin with temporal
evolution in both energy (from ~12 to ~6 MeV) and luminosity
(from ~ 100 2 x 10 ergs ') was identified in the Fermi-GBM data
(M. E. Ravasio et al. 2024).
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(J. C. Liu et al. 2022) also detected the event. From optical
spectroscopic follow-up observations, the redshift of the
source was determined to be z = 0.1505 (A. J. Castro-Tirado
et al. 2022). In high-energy (HE) gamma rays (£ > 100 MeV),
the Fermi Large Area Telescope (LAT) reported extremely
bright emission (E. Bissaldi et al. 2022), the bulk of which
started ~200s after the GBM trigger pulse and manifested
rapid variability in flux and spectra for ~200s afterward
(M. Axelsson et al. 2025). Due to the brightness of the event,
Fermi-LAT suffered from a strong pileup at early times.
During the prompt phase that lasted for more than 600s, a
photon of 99.3 GeV was detected at T;) + 240 s, while a photon
of 400 GeV was detected at Ty + ~9 hr in the afterglow phase.
These are the highest-energy photons seen by Fermi-LAT from
a GRB during each phase (R. Pillera et al. 2022; M. Axelsson
et al. 2025). The Large High Altitude Air Shower Observatory
(LHAASO) was observing the region of the sky that included
GRB 221009A during the prompt and afterglow phases and
reported the detection of VHE gamma rays from the GRB by
the WCDA detector between 200 GeV and 7 TeV at more
than 2500 significance (Y. Huang et al. 2022; LHAASO
Collaboration et al. 2023a). LHAASO also reported the
detection of the GRB with the KM2A detector from ~3 to
~13TeV during the period Tp + [230, 900]s (LHAASO
Collaboration 2023b). The High-Altitude Water Cherenkov
(HAWC) gamma-ray observatory reported observations start-
ing at Ty + ~ 8hr, providing a preliminary differential flux
upper limit (UL) at 1 TeV (H. Ayala & HAWC Collabora-
tion 2022). Rapid follow-up observations of GRB 221009A by
imaging atmospheric Cherenkov telescopes (IACTs) were
prevented by the brightness of the full Moon on October 9.
H.E.S.S. observations started at 7o + 53hr, and ULs
were reported between 650 GeV and 10 TeV (F. Aharonian
et al. 2023).

Follow-up observations were also conducted at all wave-
lengths spanning the radio, optical, and X-ray bands, resulting
in the most extensive multiwavelength (MWL) coverage of a
long GRB to date (D. A. Kann et al. 2023; T. Laskar et al.
2023; B. O’Connor et al. 2023; M. A. Williams et al. 2023;
S. Giarratana et al. 2024; L. Rhodes et al. 2024). This led to
some unique inferences regarding the underlying physical
processes. First, the temporal and spectral properties of the
VHE gamma-ray and X-ray emission seen up to a few
thousand seconds showed that they likely originate from an
afterglow due to a narrow jet with an opening angle of ~0°6
(Z.-H. An et al. 2023; LHAASO Collaboration et al. 2023a).
On the other hand, the temporal behavior of the radio-to-X-ray
emission at later times cannot be explained by such a narrow
jet and requires a separate emission region. This is most
plausibly identified with a wider outer jet surrounding the
narrower inner jet (R. Gill & J. Granot 2023; Y. Sato et al.
2023a; J. Ren et al. 2024; J.-H. Zheng et al. 2024; B. T. Zhang
et al. 2025). Such structured jets, for which basic jet
parameters like the kinetic energy and bulk velocity depend
on the angle from the jet axis in a non trivial way (P. Mészaros
et al. 1998; E. Rossi et al. 2002; B. Zhang & P. Meszaros
2002), are naturally expected in realistic models of jet
formation and propagation in GRBs (B. J. Morsony et al.
2007; A. Mizuta & K. Toka 2013; O. Gottlieb et al. 2021).
Notwithstanding some indications in previous GRBs
(0. S. Salafia & G. Ghirlanda 2022; Y. Sato et al. 2023b),
GRB 221009A represents the first long GRB with strong
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evidence for a structured jet. It offers a unique opportunity to
probe the physics of jet formation and propagation in long
GRBs, which is still not well understood (P. Kumar &
B. Zhang 2015). However, afterglow models accounting for
such structured jets are more complicated compared to
standard, simpler afterglow models, and effectively constrain-
ing them requires comprehensive MWL observations. In
particular, more VHE gamma-ray data at late times are highly
desirable, in addition to the ULs obtained by H.E.S.S.
and HAWC.

The first Large-Sized Telescope (LST-1) of the Cherenkov
Telescope Array Observatory (CTAO), inaugurated at the
Observatorio del Roque de los Muchachos in 2018 October,
has been taking science data since 2019 November. This is the
first of the four LSTs (The CTA-LST Project et al. 2024a) that
are part of the northern array of CTAO. LST-1 started observing
GRB 221009A at 1.33 days after the burst and continued for
more than 20 days. It constitutes the largest GRB campaign
conducted by LST-1 to date, with deep coverage of the late
afterglow phase. The analysis of the first 2 days of data required
meticulous treatment of the night sky background (NSB), as the
observations were acquired under moonlight conditions.

In this work, we present the results for GRB 221009A
obtained during the follow-up campaign with LST-1. This
includes the earliest observations of GRB 221009A by an
IACT in a period not covered by other VHE facilities. We
contextualize these results, compare them with theoretical
models of VHE afterglow emission from structured jets, and
address the physical implications.

The Letter is organized as follows. Section 2 describes LST-
1 and the observing conditions under which the data were
obtained. The details of the data analysis are given in
Section 3. The results of the LST-1 analysis are presented in
Section 4. We compare the obtained data with theoretical
models and discuss the physical implications in Section 5.
Finally, we provide our conclusions in Section 6.

2. Observations

CTAQO is the new-generation ground-based facility for VHE
gamma-ray astronomy, currently under construction®’
(B. S. Acharya et al. 2013). When completed, its sensitivity
at 1 TeV will be an order of magnitude better than the previous
generation of IACTs (A. Acharyya et al. 2019). Three types of
telescopes with different designs constitute each CTAO array.
The different telescope design is aimed to cover different
portions of the full CTAO energy range between 20 GeV and
300TeV. LSTs, with a 23 m diameter mirror dish, are the
largest IACTs in CTAO. Designed to cover the low-energy
band, LSTs are suited for the detection of transient sources at
tens to hundreds of GeV (Cherenkov Telescope Array
Consortium et al. 2019; The CTA-LST Project et al. 2024b;
K. Abe et al. 2025). First, the large reflective surface of about
400 m* enables the detection of faint Cherenkov flashes from
electromagnetic cascades of gamma rays at energies down to
20GeV (H. Abe et al. 2023a). Second, the telescope is
equipped with a 4°5 field-of-view (FoV) camera that allows
coverage of broad sky regions, beneficial in following up alerts
of transient sources with localization uncertainties of a few
degrees. Third, the light design of the telescope structure
allows for fast slewing between coordinates, up to 180° in

87 https: / /www.ctao.org/
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Table 1
Observations with LST-1 of GRB 221009A in 2022 October

Start Date T-T, Time after Data Selection Zenith Angle Range

(MJD) (days) (hr) (deg)
59862.88" 1.33 1.75 31-54
59864.89" 3.33 1.42 34-52
59867.85 6.30 0.80 25-52
59868.88 7.32 2.35 34-65
59869.85 8.30 241 28-60
59875.86 14.30 2.01 34-61
59877.89 16.33 1.18 45-59
59878.87 17.32 1.42 42-58

Notes. For each observation day, the starting date, the starting time offset with
respect to the burst trigger (7p; S. Lesage et al. 2022), the observation time
after the data selection, and the zenith angle range of the observations are
shown.

 Data taken under bright moonlight conditions.

about 20s (see LST parameter details in J. Cortina &
M. Teshima 2015). LST-1 is capable of automatically reacting
in real time to transient alerts, relying on the Transient Handler
(The CTA-LST Project et al. 2022). External triggers are
received and processed to initiate an automatic telescope
response. The alerts are provided by the General Coordinates
Network (formerly known as GRB Coordinates Network) via
the event-streaming platform Kafka. Such observations are
complemented by late-time campaigns that are planned and
initiated offline.

The LST-1 camera is composed of 1855 high quantum
efficiency photomultiplier tubes (PMTs) converting the
Cherenkov light into electrical signals, which are subsequently
recorded by a fast readout system. LST-1 is optimized to
operate under astronomical darkness and absence of the Moon
(hereafter dark). If PMTs are exposed to bright environments,
they experience accelerated aging and a significant gain
reduction. Therefore, around full Moon periods, observations
are halted due to the high NSB from the Moon. However,
observations in moonlight conditions are feasible. These
observations, hereafter referred to as moonlight observations,
increase the duty cycle of IACTs by ~30% with respect to the
~1500 hryr~' of data in dark conditions (M. Ahnen et al.
2017; S. Archambault et al. 2017; S. Ohm & S. Wagner 2023).
Increasing the duty cycle is relevant for all source types but is
particularly critical for fast-evolving transient sources. Yet it
comes at the cost of compromised telescope performance and
higher systematic uncertainties on the estimated spectrum.
Moonlight observations can be conducted with reduced high
voltage (HV) to reduce the operational gain of the PMTs
across all the NSB levels encountered when the Moon is above
the horizon.

The night after the detection of GRB 221009A, on 2022
October 9, no operations of LST-1 were possible due to the
presence of the full Moon. However, due to the exceptional
nature of this event, observations were resumed with reduced
HV on 2022 October 10 (Ty + 1.33 days) and continued on
2022 October 12 (T, + 3.33 days), with camera problems
preventing observations on 2022 October 11 (see Table 1). A
total of 3.17 hr of data were acquired under bright moonlight
conditions. The observation campaign continued until the end
of 2022 November, extending for two Moon periods. In this
work, we focus on the observations in the moonlight and dark

Abe et al.

conditions of 2022 October. A total of 10.17 hr of good-quality
observations were obtained in dark conditions in 2022
October. This is summarized in Table 1.

LST-1 observations were performed in wobble mode
(V. Fomin et al. 1994), where the telescope points to regions
offset from the source coordinates. Four pointing directions
were chosen, each offset by 0°4 from the GRB position
reported by Swift-BAT (S. Dichiara et al. 2022). Starting
from the pointing with a positive offset in R.A. only, this is
followed by those rotated by 90°, 180°, and 270° around
the GRB position. The observation time for each pointing
was 20 minutes.

3. Data Analysis

The analysis of the data is divided according to the specific
observing conditions during their acquisition. We consider a
moonlight-adapted analysis (see Section 3.2) to process the
first two observation nights (see Table 1) and standard dark
analysis to process the rest of the data (see Section 3.1). Both
analyses are performed with the dedicated software analysis
pipeline cta-1stchain v0.10.5 (R. Lopez-Coto et al.
2023). The two independent analysis chains in cta-
lstchain, ie., the source-independent and the source-
dependent analysis, are used in this work (H. Abe et al.
2023a). The former is the standard analysis scheme for CTAO
and selected as the reference analysis here, while the latter is
used to cross-check the consistency and robustness of the
results. This comparison is presented in Appendix A.

3.1. Analysis of Observations in Dark Conditions

The LST-1 performance under dark conditions has been
studied in H. Abe et al. (2023a). A similar analysis is used for
the GRB 221009A observations in dark conditions (see
Table 1). This approach considers a single calibration per
observation obtained from calibration events (flat-field and
pedestal events) taken in a dedicated observation run on the
same night. The signals in the waveforms are integrated with
the LocalPeakWindowSum algorithm of ctapipe (the
prototype low-level data analysis package for CTAQO; The
CTA Collaboration et al. 2024). Subsequently, we apply the
tail-cut method for image cleaning, utilizing an increased
picture threshold condition based on the pixel noise level.
Additionally, a time-coincident condition and dynamic clean-
ing are used (H. Abe et al. 2023a).

The energy, incident direction, and gammaness88 of the
events are estimated through random forest algorithms, which
are trained with Monte Carlo (MC) gamma rays and protons
(H. Abe et al. 2023a).

We need to adjust the NSB in the MC simulations to the
specific NSB level in the FoV of GRB 221009A. Due to the
proximity of GRB 221009A to the Galactic plane (b ~ 4°3),
the NSB level is similar to that for a Galactic source like the
Crab Nebula. The extra NSB for the analysis of GRB 221009A
is accounted for through the addition of random Poissonian
noise on the camera images before the image-cleaning stage.

The selection criteria for gamma-like events are optimized
using data from the Crab Nebula, which were collected in 2022
under conditions similar to those of the GRB 221009A
observations. We discard dim events with a total charge

88 Gammaness is a score obtained with a random forest classifier; it ranges
from O (very gamma-unlike image) to 1 (very gamma-like image).
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(intensity) below 50 photoelectrons (p.e.). Global cuts in the
gammaness parameter and 6 parameter®” are used to assess the
statistical significance of the detection. Energy-dependent,
efficiency-based cuts on the gammaness and 6 parameters are
used for the spectral analysis. Three sets of gammaness cuts
(50%, 70%, and 90%) are tested, while the efficiency cut on
the 6 parameter is kept at 70%. The Crab Nebula spectra
obtained with these cuts are consistent with those in the
literature. Among the three sets of cuts, the gammaness
efficiency cut at 90% provides the most stable results
throughout the energy range studied and is selected for the
analysis of GRB 221009A observations.

The energy threshold of the analysis is defined as the peak
energy position of the MC gamma-ray rates, weighted to the
assumed spectral index of the source, after the event selection.
We consider an observed spectral index of I'y,s = —3 to
compute the energy threshold, assuming that the spectral index
at the time of the LST-1 observations is similar to that
measured by LHAASO in the energy range between ~0.2 and
~TTeV at Ty + [900, 2000] s (LHAASO Collaboration et al.
2023a). The energy threshold under this assumption for the
dark data ranges from ~20GeV at zenith angle 25° to
~200 GeV at 65°.

We perform a spectral analysis using the analysis tools in
the software package gammapy v1.0 (F. Acero et al. 2022;
A. Donath et al. 2023). The joint-likelihood fitting method is
used, in which three control regions (OFF) are employed to
estimate the background. For a given telescope pointing
direction, these OFF regions are selected to be centered around
it at the same angular distance to the GRB position and rotated
by 90°, 180°, and 270° from the GRB. Only events above the
energy threshold are used during the fitting process.

3.2. Analysis of Observations in Moonlight Conditions

The sensitive PMTs that are used to detect the faint
Cherenkov light in LST-1 are affected by high-NSB condi-
tions. Scattering of the moonlight in the atmosphere increases
the anode current in the PMTs of the whole camera.
Observations taken under moonlight conditions become noisy
due to spurious NSB triggers, which produce larger noise
fluctuations and more after-pulse signals in the waveforms as
the NSB increases. As a consequence, the pulse timing and
signal reconstruction are affected, worsening the precision in
the event reconstruction and gamma/hadron separation
compared to observations in dark conditions. A dedicated
data analysis is needed to ensure the best telescope
performance under conditions with different trigger and
camera settings (e.g., reduced HV) for moonlight observations.
The following modifications to the standard analysis chain (see
Section 3.1) are made.

The camera calibrations are adjusted to account for fast
changes in the observing conditions: interleaved calibration
events during the data taking are acquired to perform a
continuous correction of the initial calibration parameters. In
addition, we consider the algorithm NeighborPeakWin-
dowSum of ctapipe to integrate the pulse of the waveform.
NeighborPeakWindowSum sums the signal over a window
centered around the peak position, which is determined from
the averaged waveform of the triggered pixel and its adjacent

89 The angular separation between the reconstructed event and expected
source position.
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pixels. In particular, we considered a window size of seven
waveform samples,” starting three samples before the
estimated peak position. Concerning image cleaning, we
employ the tail-cut method with the time-coincident condition
and dynamic cleaning. The image-cleaning levels are
increased by a factor of ~2.5 compared with the values
applied to the dark data. These values are determined by
limiting the fraction of images from interleaved pedestal
events that pass the image cleaning to less than 4%.

During the GRB observations in moonlight conditions, the
NSB level increased during the data taking as the Moon rose.
The NSB level between two consecutive 20 minute observa-
tions is high enough to require a per-observation analysis,
where the NSB on the MC simulations and image-cleaning
levels is consequently adjusted. The MC events are simulated
with noisier waveforms to match the level of observed NSB in
the data. Subsequently, we fine-tune the match between MC
and real data on a per-observation basis at the camera image
level by adding random Poissonian noise.

We select gamma-like events and produce the final analysis
products following the same procedure as for the analysis in
dark conditions. For the Moon-adapted analysis, the event
selection cuts are optimized with Crab Nebula observations in
NSB conditions similar to that for GRB 221009A with reduced
HV. These data were obtained on 2022 November 5 in the
same zenith range as the GRB 221009A observations, during
which the conditions evolved rapidly in a similar way. A cut in
intensity below 200 p.e. is applied to remove dim events. For
the spectral analysis, we use energy-dependent, efficiency-
based cuts of 50% and 70% for the gammaness and 6
parameters, respectively. In this case, the tightest gammaness
cut from the tested set is selected because the alternative cuts
(70% and 90% in gammaness), while also yielding results
consistent with the Crab Nebula spectrum reported in the
literature, are more sensitive to variations in the lower energy
bound of the fitting range.

The tighter image cleaning with increasing NSB and
different telescope pointing directions as a function of zenith
angle affects the energy threshold of the analyses. In
particular, for October 10, the energy threshold, assuming an
observed spectral index of I'y,s = —3, increases from
~100GeV during the first observation to 300 GeV during
the last.

4. Results

The reconstructed squared angular distributions of gamma-
like events centered on the GRB 221009A coordinates and the
average background regions for the first day of observation
(Ty + 1.33 days) are shown in Figure 1. We obtain an excess at
4.10 statistical significance (using Equation (17) of T. P. Li &
Y. Q. Ma 1983). For the second day of observations at
To + 3.33days, the statistical significance is 0.80. As no
signal was observed at Ty + 3.33 days, guided by the gradual
power-law temporal decay observed at other wavelengths, we
stack all the dark time data, which allows us to obtain
better constraints on the spectral energy distribution (SED) of
GRB 221009A. No significant excess is observed using
all the dark observations together (—0.40 using data within
To + [6.30, 17.32] days). Results using the source-dependent
analysis chain are consistent with that reported above for the

90 -
One waveform sample is ~1 ns.
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Figure 1. 6* plot for observations at T, + 1.33 days. The 6° distributions
centered at the GRB 221009A position (ON) and the mean background
estimation from the three reflected regions (OFF) are displayed as black points
and dark orange error bars, respectively. The vertical dashed line indicates the
angular size used to compute the detection statistical significance (Li&Ma
Sig.) and signal-to-background ratio (S/B). The vertical error bars correspond
to lo statistical errors.

source-independent analysis: at Ty + 1.33 days, the excess
reaches a statistical significance of 4.60, while the significance
is compatible with the background for the data sets at later
times (see Appendix A).

A power-law intrinsic spectrum is assumed for the putative
emission from GRB 221009A. The expected attenuation due to
the extragalactic background light (EBL) is accounted for
using the A. Dominguez et al. (2011) model for redshift
z = 0.1505. We note that for such values of z, the choice of the
EBL model is not critical. Given the limited significance of the
excess, the intrinsic spectral index before EBL attenuation is
fixed to I' = —2 during the fitting process and the computation
of the SED and light curve. This index is similar to that seen
by LHAASO at much earlier epochs in the period
To + [900, 2000]s at energies between ~0.2 and ~7 TeV
(LHAASO Collaboration et al. 2023a). We also checked the
case of assuming I' = —3 and obtain comparable results. The
range of I' we consider covers the value of I' ~ —2.5
determined by Fermi-LAT at energies and times that overlap
with the LST-1 observations (M. Axelsson et al. 2025). ULs
are computed at a 95% confidence level when the test statistic
(TS) is below 4. Error uncertainties correspond to 1o statistical
errors.

Figure 2 shows the SEDs for the three periods using the
moonlight (T, + 1.33days and T, + 3.33days) and dark
(Ty + [6.30, 17.32] days) observations. The lower energy
bound is 200 GeV and 50 GeV for the moonlight and dark
analyses, respectively. We can constrain the EBL-corrected
SED points to be below a few 10 ''ergem s~ ' at
E < 1TeV, with the most constraining ULs at several hundred
GeV. For the first observation day, we obtain an SED point
with a local TS = 6.9 in the energy bin between 0.38 and
0.74 TeV. We obtain compatible SED results with the source-
dependent analysis (see Appendix A), for which a significant
SED point (TS = 9.0) is also obtained in the same energy bin
for the observations at Ty + 1.33 days, while ULs constrain the
emission at a similar differential flux level. We note that the
SED for the source-dependent analysis at T, + 1.33 days is
shifted toward higher flux values/ULs compared to the source-
independent SED across the studied energy range. On the
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Figure 2. Intrinsic SED of GRB 221009A corrected for EBL attenuation on
2022 October 10 (Tp + 1.33 days; pink), 2022 October 12 (T, + 3.33 days;
brown) and between 2022 October 15 and 27 (all dark,
To + [6.30, 17.32] days; olive). For the latter SED, the open diamond and
square olive markers show the effect of increasing and reducing by 0.5% the
normalization of the background, respectively. The vertical error bars
correspond to lo statistical errors, and ULs are computed at the 95%
confidence level.

contrary, this shift is not visible for the 7y + 3.33 day and
To + [6.30, 17.32] day data (see Appendix A). The presence of
this shift only at 7, + 1.33 days may be caused by enhanced
systematic uncertainties due to the high-NSB conditions. Yet
overall, no significant difference is observed between the two
analyses for any of the periods.

The effect of varying the background normalization by
40.5% is shown in Figure 2 to evaluate possible systematic
errors in the background estimation. A +0.5% relative
difference in events between the control OFF regions and
the mean OFF events are seen for the dark observations at the
lowest energies (E < 200 GeV) where the number of events is
large, O(10° — 10%). The modification of the background
normalization by £0.5% corresponds to a ~60% relative
difference in the estimated SED ULs at the lowest energies for
Ty + [6.30, 17.32] days. As pointed out in H. Abe et al.
(2023a), the monoscopic configuration of LST-1 entails
modest background suppression close to the threshold of the
telescope. On the contrary, the tighter cuts and higher-energy
fit range used for the moonlight observations reduce the
number of events to ((10%), making the systematic uncertainty
associated with the background normalization irrelevant for
this data set. Applying the background normalization test on
the estimated SEDs at Ty + 1.33days and Ty + 3.33 days
results in small changes (less than 3%).

The integral energy flux is computed keeping I' = —2, the
same value assumed in the SED derivation. The energy flux is
computed between 0.3 and 5 TeV for a clear comparison with
data from other VHE experiments. Note that this depends on
the choice of I since the higher energies are more affected by
EBL attenuation. If I' = —3 is adopted, the energy flux is
reduced by about a factor of 2. Additionally, the integration
interval at high energies is loosely constrained compared to the
lowest energies, where most of the observed excess lies.

The energy flux is estimated in four different time periods,
two for the moonlight observations (7, + 1.33days and
To + 3.33days) and two for the dark observations. The first
subset of the dark data is recorded during intervals closer to the
burst trigger (Tp + [6.30, 8.30] days), while the second is for
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Figure 3. MWL intrinsic light curve of GRB 221009A corrected for EBL attenuation vs. time since the burst trigger () shifted by +226 s (see text). The energy
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HAWC Collaboration 2022; see text), LST-1 (black filled and open circles for ULs and the energy flux point, respectively; this work), and H.E.S.S. (orange squares;
adapted from F. Aharonian et al. 2023; see text) are compared with the best-fit emission models from J. Ren et al. (2024), J.-H. Zheng et al. (2024), and B. T. Zhang
et al. (2025) in pale gold, purple, and red, respectively. For the latter two models, the contributions from the inner and outer jet regions are also shown separately. In
addition, the light curve in HE gamma rays with AGILE-GRID (light blue dots; M. Tavani et al. 2023) and Fermi-LAT (light blue horizontal triangles; Extended
Table 3 of M. Axelsson et al. 2025) as well as in X-rays with Swift-XRT (light gray; M. A. Williams et al. 2023) are displayed. The vertical error bars correspond to

1o statistical errors, and ULs are computed at the 95% confidence level.

later intervals (T + [14.30, 17.32] days). This is motivated by
the wide time window of the dark observations and the lack of
good-quality data for several days in a row (see Table 1).
These results are shown in Figure 3, starting at about 10’ s
after the burst trigger.

At Ty + 1.33 days, both the energy flux and UL are shown,
given the putative signal on this day (TS = 4.6 in the energy
range of 0.3-5TeV). The ULs at E = [0.3, 5] TeV constrain
the EBL-corrected energy flux at the level of a few
107" ergem %5 ', The light curve derived with the source-
dependent analysis in Appendix A is consistent with that in
Figure 3. However, at T + 1.33 days, the energy flux between
0.3 and 5 TeV (TS = 14.3) for the source-dependent analysis is
about 2 times higher than that for the source-independent
analysis, differing by 1.50 including the errors. This may be
within the systematic errors that can be comparable to the
statistical ones.

The energy flux of GRB 221009A measured by different
instruments is also shown in Figure 3. The light curve spans
over 20 days with the reference time at T*° = T, + 226 s, when
LHAASO reveals the onset of the afterglow at VHE

(0.3-5TeV; LHAASO Collaboration et al. 2023a). Coincident
with LHAASO, Fermi-LAT and AGILE-GRID detect GRB
221009A in the HE band (M. Tavani et al. 2023; M. Axelsson
et al. 2025). In particular, extended emission up to few 10° s is
detected with Fermi-LAT (0.1-100 GeV), coincident in time
with part of the LST-1 observations. In Figure 3, we include for
reference only the HE light curve obtained with AGILE-GRID
within 1 ks after T,,. The corresponding Fermi-LAT light curve
is excluded from this time interval to avoid overcrowding the
figure. After several hours, a preliminary differential flux UL at
1 TeV (H. Ayala & HAWC Collaboration 2022) is reported by
HAWC, shown in Figure 3 for 0.3-5TeV by correcting
for EBL attenuation with the A. Dominguez et al. (2011)
model and assuming I' = —2. HAWC bridges the early VHE
observations by LHAASO and those by LST-1 at
Ty + 1.33 days, the first by an IACT. Monitoring by IACTs
continued during the following days, leading to several ULs
with H.E.S.S. and LST-1. The original H.E.S.S. ULs at
E = [0.65, 10] TeV are recomputed for 0.3-5 TeV using the
spectral index value assumed in F. Aharonian et al. (2023),
which constrains the emission at a level similar to the LST-1
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ULs. These gamma-ray observations are summarized in
Figure 3, where we also plot the Swift-XRT energy flux
(0.3-10keV) for reference.

In summary, a positive deviation in counts from a
background-only hypothesis is obtained at 4.1¢0 in the region
of GRB 221009A with LST-1 at T, + 1.33 days. Afterward,
we measure no significant excess in nonconsecutive days at
To + [3.33, 17.32] days. The SEDs with LST-1 probe the
afterglow emission at the lowest energies of the VHE band, not
previously studied with good sensitivity for GRB 221009A. In
particular, the best differential sensitivity with LST-1 is
obtained at a few hundred GeV (H. Abe et al. 2023a), where
the effect of EBL attenuation is small. Our data provide deep
constraints on the energy flux at the level of a few
10" ergem 25! at 0.3-5TeV after Ty + 1.33 days. The
LST-1 observations on October 10 are the closest to T
obtained by an IACT, filling the gap between the HAWC UL
(about 1 day before) and H.E.S.S. observations (about 1 day
after).

5. Discussion

The results obtained from observations of GRB 221009A
with LST-1 described above are compared with selected
theoretical models for the MWL emission of this burst, and the
physical implications are addressed below.

The VHE light curves of GRB 221009A observed by
LHAASO in different energy bands are consistent with broken
power laws, implying that most of the emission originates
from the afterglow. A key finding is the achromatic (i.e.,
energy-independent) break in the light curve at ~T* + 670s.
This is most plausibly interpreted as a jet break, caused by the
decrease in emissivity when the opening angle of the
relativistically beamed radiation from the decelerating blast
wave becomes wider than that of the emitting jet plasma
(J. E. Rhoads 1999; R. Sari et al. 1999).°" The jet break time
constrains the half-opening angle of the jet to be ~0°6, much
narrower than that inferred for most previously known GRBs
(LHAASO Collaboration et al. 2023a). Coverage at other
wavelengths contemporaneous with the LHAASO observa-
tions is sparse, but X-rays were measured at some early epochs
by HXMT and GECAM-C with light curves similar to
LHAASO, showing that the emission can originate from the
same narrow jet (Z.-H. An et al. 2023). If this narrow jet is the
only emitting region, light curves at all other wavelengths after
the break time are expected to be relatively steep, similar to
that at VHE seen by LHAASO. However, the observed HE
gamma-ray, X-ray, and optical light curves at T > T* + 1000 s
reveal decay slopes that are considerably shallower, strongly
indicating that an emission region separate from the narrow jet
is necessary. The most likely such region is a wider outer jet
surrounding the narrower inner jet. In general, physical
properties of the jet such as the initial kinetic energy Exino
and bulk Lorentz factor I'y o can be distributed as nontrivial
functions of angle 6 from the jet axis. GRB afterglow models
assuming such jet configurations as initial conditions are
referred to as “structured jet” models (P. Mészéros et al. 1998;
O. S. Salafia & G. Ghirlanda 2022), as opposed to the
standard, simpler assumption employed in most earlier studies
of “top-hat” jets, where Ey,o and Iy, are distributed

°! For alternative interpretations, see L. Foffano et al. (2024) and D. Khangulyan
et al. (2024).
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uniformly up to a certain angle. Structured jets are physically
more realistic, as such configurations can arise when the jet
forms (B. Zhang et al. 2024) and are also robustly expected
when the jet propagates through the progenitor star and
interacts with stellar material (B. J. Morsony et al. 2007;
A. Mizuta & K. Ioka 2013; O. Gottlieb et al. 2021). The
afterglow of GRB 170817A, associated with a neutron star
merger detected in gravitational waves, provided the first clear
evidence for a structured jet in a GRB, albeit for an atypical
short GRB (K. P. Mooley et al. 2018). For long GRBs, some
previous studies suggested that the available data can be
modeled better by structured jet models than simpler models
(0. S. Salafia & G. Ghirlanda 2022; Y. Sato et al. 2023b), but
the conclusions were not definitive. GRB 221009A provides
the strongest case to date that a structured jet is indispensable
to explain the MWL afterglow of a long GRB (R. Gill &
J. Granot 2023; B. O’Connor et al. 2023; Y. Sato et al. 2023a;
J. Ren et al. 2024; J.-H. Zheng et al. 2024; B. T. Zhang
et al. 2025).

The MWL afterglow of GRB 221009A offers unique
prospects for probing the jet structure in a long GRB that
may be difficult to achieve otherwise. However, as the
functional forms for Ey,o(f) or I'yo(f) are not known
a priori, structured jet afterglow models necessarily entail a
large number of parameters, often more than 20, compared to
simpler afterglow models usually characterized by eight
parameters. Even for the extensive MWL data obtained for
GRB 221009A, this poses a challenge.

This is illustrated by comparing three structured jet after-
glow models in the literature that describe reasonably well the
published MWL data of GRB 221009A: J. Ren et al. (2024),
J.-H. Zheng et al. (2024), and B. T. Zhang et al. (2025). All
three models assume the density profile of the circumburst
medium ncgp(R) to be constant with radius R in the inner parts
and to decline as R~ in the outer parts. Also common to all
three are an inner jet component that is uniform but narrow, as
required to account for the observed data before a few
kiloseconds after T*. At these epochs, the emission is attributed
mainly to the forward shock of this inner jet, with X-rays and
VHE gamma rays dominated by synchrotron and synchrotron
self-Compton (SSC) emission, respectively, and HE gamma
rays bridging these two components. The models also have
outer jet components with assumed functional forms for
Exino(0) and I'y, o(6) that are somewhat different between the
models, though not to a significant extent. Synchrotron
emission from the forward shock of this outer jet is primarily
responsible for the optical-to-X-ray emission starting from a
few kiloseconds after 7°. For each model, the authors
determined the best-fit values for the parameter set.

Figure 3 compares the light curves at 0.3-5TeV for the
available data including our LST-1 results with the models
presented in J. Ren et al. (2024), J.-H. Zheng et al. (2024), and
B. T. Zhang et al. (2025). As a reference point for the power
radiated in VHE gamma rays, we also show only the data for
the X-ray and HE light curves. Corresponding model curves,
as well as optical and radio data versus models, are shown in
the papers above and not repeated here. Interestingly, although
all models provide broadly acceptable fits to the published data
set including LHAASO, the VHE emission of the models
diverges at late times, differing by more than an order of
magnitude in energy flux between them after ~T* + 1 days.
Thus, in conjunction with the published MWL data, our LST-1
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results provide valuable additional constraints on these
structured jet models.

First, conservatively considering our data at 7 + 1.33 days
to be a UL, we disfavor the model by J.-H. Zheng et al. (2024),
whose VHE flux around this time due to SSC from the outer jet
is the highest among the three and which was marginally
consistent with the H.E.S.S. ULs. Given the numerous model
parameters, it is possible that a different set of parameters can
still allow a suitable fit of all data; nevertheless, our UL
disfavors at least the parameter space discussed as fiducial by
J.-H. Zheng et al. (2024). On the other hand, the VHE
emission in the models by J. Ren et al. (2024) and B. T. Zhang
et al. (2025) are below our UL.

Next, considering our 4.10 excess as actual gamma rays
from GRB 221009A, the VHE flux is quite consistent with the
B. T. Zhang et al. (2025) model. While the VHE flux in the
J. Ren et al. (2024) model falls somewhat short of our data, it
may not be incompatible, considering the uncertainties in their
best-fit parameters. It is notable that although the VHE fluxes
at ~T" + 1 days in these two models are similar, their origins
are quite different. For J. Ren et al. (2024), the VHE emission
at ~T" + 1 days is a continuation of what is seen by LHAASO,
with the SSC emission from the inner jet dominating at all
times. Contrastingly, for B. T. Zhang et al. (2025), the SSC
emission from the outer jet takes over as the dominant
component starting from a few kiloseconds after 7%, as was
also the case for J.-H. Zheng et al. (2024). Distinguishing
between J. Ren et al. (2024) and B. T. Zhang et al. (2025) is
not possible with the current data and requires more spectral
and temporal coverage.

Despite the apparent similarities in the model assumptions,
comparison of the best-fit parameter values actually reveals
significant differences among the three models. For example,
the values of ncgm(R = 0) differ between the models by up to
4 orders of magnitude, and there are correspondingly large
differences in the parameters related to the magnetic field ep
and electron acceleration efficiency e.. Thus, even with the
extensive MWL data obtained for GRB 221009A, realistic
structured jet models still appear to be underconstrained, and
significant degeneracies in the parameters remain. An explicit
comparison of the main model parameters for J. Ren et al.
(2024), J.-H. Zheng et al. (2024), and B. T. Zhang et al. (2025)
is presented in Appendix B.

Quantitatively evaluating the impact of our data for
constraining the model parameters and the physics of
structured jets is beyond the scope of this Letter. Below, we
outline qualitatively how this may be approached with future
high-sensitivity observations of GRBs with IACTs covering
the earliest to latest possible timescales. For a given epoch
(“snapshot™), a sufficiently well-measured broadband spectrum
of the afterglow, particularly spectral breaks that reflect
electron injection and cooling, and the SSC-to-synchrotron
flux ratio mainly constrain the microphysical parameters such
as the electron injection index p, ep, and €.. The VHE band is
crucial as the emission is likely distinct from electron
synchrotron radiation, with different dependences on the
parameters (T. Piran & E. Nakar 2010; S. Inoue et al. 2013;
L. Nava 2018). In practice, this may not be straightforward as
components from the inner and outer jets can overlap, but at
least it can be done for the component dominating at that
epoch. Obtaining a series of such snapshots throughout the
afterglow evolution then constrains mainly the dynamical
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parameters Eyi,0(0), I'vo(6), and ncpm(R), leading us to
valuable new information on the physics of GRB jet formation
and propagation. There are also potential multimessenger
implications for cosmic rays and neutrinos as discussed in
B. T. Zhang et al. (2025), whose model appears most
consistent with our data. They attribute the emission exceeding
10 TeV seen at ~Ty + [500, 800] s (LHAASO Collaboration
et al. 2023b) primarily to synchrotron radiation by ultrahigh-
energy protons accelerated at the reverse shock, a hypothesis
that could have been tested if sufficiently early follow-up by
IACTs was possible.

6. Conclusions

GRB 221009A, the “brightest-of-all-time” GRB and first
long GRB with strong evidence for a structured jet, was
observed by LST-1. The high NSB in the hours following the
GRB alert due to the full Moon prevented rapid follow-up by
IACTs. LST-1 was the first IACT to start observing at
To + 1.33 days, covering epochs that were missed by other
VHE facilities. Here we addressed for the first time the
challenge of analyzing LST-1 data of a GRB in moonlight
conditions, presenting a scheme adapted to handle the high-
NSB conditions at the analysis level. We obtain an excess
signal at a statistical significance of 4.1¢ for that night,
constraining the intrinsic emission from GRB 221009A at the
level of a few 10~ " ergem 25! at E = 0.3-5 TeV. ULs are
derived at Ty + 3.33 days, still under moonlight conditions,
and during later times, from 7Ty + 6.30 to Ty + 17.32 days
without the Moon. These analyses were cross-checked with an
independent method, and compatible results were obtained.
Our data were compared to different realistic models of
afterglows from structured jets that adequately describe
published MWL data for GRB 221009A but imply significant
differences in the VHE emission after about 1 day. Depending
on the model, this can be dominated by SSC from either the
narrow inner jet or the wider outer jet, and the flux can vary by
more than an order of magnitude. Although all models were
consistent with the LHAASO data and H.E.S.S. ULs, those
that implied VHE flux at 1 day significantly exceeding
107" ergem 25! are disfavored by our results. If the
observed excess corresponds to a gamma-ray signal from
GRB 221009A, the VHE flux is consistent with a subset of the
models, although we cannot distinguish between an inner and
outer jet origin. Future sensitive IACT observations of GRBs
over a broad range of timescales, together with comprehensive
MWL data, should help to clarify the nature of structured jets
and provide new insight into the physics of jets in long GRBs.
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Appendix A
Source-dependent Analysis

The results reported in this Letter have been validated with
an independent analysis, known as “source-dependent.” It is
based on the a priori assumption that all gamma rays arrive
from the same direction as in the case of a single pointlike
gamma-ray source. A powerful parameter used in the source-
dependent analysis is dist, the distance between the known
source position and the centroid of the shower images. Since
dist correlates with the shower impact parameter inside the
light pool, it improves the energy reconstruction performance.
Further details on the source-dependent analysis can be found
in H. Abe et al. (2023a).

The same configurations as standard source-independent
analysis are adapted for the MC production for both the
moonlight and dark data sets. Specifically, the same techniques
are used to match the NSB level of the simulation with that of
the moonlight observations, and the same algorithms are used
to optimize the charge extraction and the image-cleaning
performance of LST-1 (see Section 3.2). Parameters unique to
the source-dependent analysis are introduced for the random
forest generation. Differences in the analysis settings arise
after the event reconstruction of each Cherenkov shower
image. For the spectral analysis, the efficiency of the energy-
dependent gammaness cut is 50% and 80% for the moonlight
and dark data sets, respectively. The efficiency of the energy-
dependent o parameter’’ cut is 70% for both the moonlight
and dark data set.

The angular distributions of gamma events for the first night
are shown in Figure 4. Instead of the 6 angle for the standard
analysis, the o angle is used here to calculate the excess
counts. The applied cuts have been optimized from Crab
observations during bright moonlight, which give similar NSB
levels to the observations of GRB 221009A for the first days.
A 4.60 statistical significance is obtained for the first night
with excess counts of 80 £ 22, consistent with the source-
independent results. We note that the signal-to-background
ratio of the analysis is twice that of the source-independent
analysis, as an expected consequence of the powerful back-
ground discrimination of the source-dependent analysis.

The SED and light curve are computed with the 1D spectral
analysis using gammapy. Similarly to the source-independent
analysis, the spectral model is defined as a simple power-law

1 The angle between the shower axis and the line between the known source
position and the image centroid.
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Figure 4. Same as Figure 1 but displaying the « distributions at
Ty + 1.33 days after the analysis cuts. The vertical dashed line indicates the
« cut value, below which the detection statistical significance (Li&Ma Sig.) is
computed. The vertical error bars correspond to 1o statistical errors.

function with EBL attenuation (see Section 4 for more details).
The EBL-corrected SEDs computed with the source-dependent
analysis are compared with the results of the source-
independent analysis in Figure 5. We note that the ULs and
SEDs are compatible, which serves as proof of the robustness
of the results on GRB 221009A. It should be noted that on
October 10, the SED point at ~280 GeV (TS = 7.8) is
obtained for the source-dependent analysis, while a UL is
obtained for the source-independent analysis. The fact that the
source-dependent analysis resulted in a slightly higher
detection significance may support this result, although
possible systematics between the analyses cannot be ruled
out, given the systematic positive bias in the flux observed on
October 10. The comparison of the intrinsic light curve in
terms of integral energy flux is shown in Figure 6. As in
Figure 3, both the energy flux and ULs at 7y + 1.33 days are
shown to illustrate the putative signal. The energy flux points
at Ty + 1.33 days for both analyses are compatible at almost
1o statistical error. This effect can be explained by systematic
uncertainties and the difference between the two analysis
methods, as indicated in H. Abe et al. (2023a).
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Appendix B
Comparison of Model Parameters

Here we present a brief graphic comparison of the
parameters in the structured jet afterglow models of J. Ren
et al. (2024), J.-H. Zheng et al. (2024), and B. T. Zhang et al.
(2025). The aim is to simply illustrate the sizable disparities in
the best-fit parameters between the models, rather than a
detailed discussion of the physical implications or the quality
of fits to the observed data, which is beyond our scope.

Figure 7 compares Eyino(f) (initial kinetic energy versus
angle from jet axis), I'y, o(¢) (initial bulk Lorentz factor versus
angle from jet axis), ncgm(R) (circumburst medium density
versus radius), and the microphysical parameters eg; (fraction
of postshock energy in the magnetic field), e.; (fraction of
postshock energy in accelerated electrons), and & ; (fraction in
number of accelerated electrons) for the inner jet, as well as the
analogous parameters €g o, €c 0, and &, for the outer jet. Only
J. Ren et al. (2024) provide errors for the parameters from a
Markov Chain MC analysis, and these are not shown for
consistency in the comparison.

Particularly large differences between the models can be seen
for €p; and ncpym at small R and Ey, o(0) and I'y, o(0) at large 6.
This indicates that for constraining such structured jet afterglow
models with a large number of parameters, the available MWL
data are insufficient and require more extensive spectral and
temporal coverage including VHE observations.
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