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ABSTRACT

Context. GRB 221009A, initially detected as an X-ray transient by Swift, was later revealed to have triggered the Fermi satellite about an hour
earlier, marking it as a post-peak observation of the event’s emission. This GRB distinguished itself as the brightest ever recorded, presenting an
unparalleled opportunity to probe the complexities of GRB physics. The unprecedented brightness, however, challenged observation efforts, as it
led to the saturation of several high-energy instruments.

Aims. Our study seeks to investigate the nature of the INTEGRAL-detected GRB 221009A and elucidate the environmental conditions conducive
to these exceptionally powerful bursts. Moreover, we aim to understand the fundamental physics illuminated by the detection of teraelectronvolt
(TeV) photons emitted by GRB 221009A.

Methods. We conducted detailed analyses of early photometric and spectroscopic observations that span from the Fermi trigger through to the
initial days following the prompt emission phase in order to characterize GRB 221009A’s afterglow, and we complemented these analyses with a
comparative study.

Results. Our findings from analyzing INTEGRAL data confirm GRB 221009A as the most energetic event observed to date. Early optical obser-
vations during the prompt phase negate the presence of bright optical emissions with internal or external shock origins. Spectroscopic analyses
enabled us to measure GRB 221009A’s distance and line-of-sight properties. The afterglow’s temporal and spectral analysis suggests prolonged
activity of the central engine and a transition in the circumburst medium’s density. Finally, we discuss the implications for fundamental physics of
detecting photons as energetic as 18 TeV from GRB 221009A.

Conclusions. Early optical observations have proven invaluable for distinguishing between the potential origins of optical emissions in
GRB 221009A, underscoring their utility in GRB physics studies. However, the rarity of such data underscores the need for dedicated telescopes
capable of synchronous multiwavelength observations. Additionally, our analysis suggests that the host galaxies of TeV GRBs share commonalities

with those of long and short GRBs. Expanding the sample of TeV GRBs could further solidify these findings.
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1. Introduction

The study of gamma-ray burst (GRB) prompt emission and
its afterglow has been crucial in advancing high-energy astro-
physical research at the cosmic scale. However, GRBs, which
are traditionally classified as long GRBs (IGRB; from stel-
lar collapses, Tog = 2s) or short GRBs (sGRBs; from com-
pact object mergers, To9 < 2s), have faced severe chal-
lenges recently (Kouveliotou et al. 1993; Ahumada et al. 2021;
Troja et al. 2022; Rastinejad et al. 2022; Levan et al. 2024).
The collision of a relativistic blast wave with the circumburst
medium generates external shocks, leading to a multiwavelength
afterglow phase. This afterglow is essential for understanding the
progenitor and the surrounding environment (Mészaros & Rees
1997; Sari et al. 1998; Piran 2004; Caballero-Garcia et al. 2023).
The Swift satellite’s rapid localization, along with a prompt

* Corresponding authors; ruben. sanchez@csic.es,
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response from robotic optical telescopes, allows for early
afterglow observations, providing insights into these events
(Gehrels et al. 2004; Akerlof et al. 1999; Pandey & Zheng 2013;
Gupta et al. 2021a; Castro-Tirado 2023).

On October 9, 2022, at 14:10UT, a new bright and
hard X-ray transient, SwiftJ1913.1+1946, was detected by
Swift, marking an unprecedented discovery in the field of
high-energy astrophysics (Dichiaraetal. 2022). Located at
RAJ2000) =288.26452 and Dec(J2000) = 19.7735, this tran-
sient was initially thought to be of Galactic origin due to its
proximity, 4.32°, to the Galactic plane. Subsequent observations,
however, unveiled a more complex nature. Approximately one
hour prior to the Swift detection, at 13:16:59 UT, Fermi/GBM
had already captured signals from the event, and shortly after, at
14:17:06 UT, Fermi/LAT reported the detection of GeV photons.
Moreover, Konus-Wind detected a long tail post prompt emis-
sion extending up to 20 ks (Frederiks et al. 2023). This sequence
of events not only broadened our understanding of this source
but also led to the transient being identified as GRB 221009A,
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and it was subsequently recognized as one of the brightest GRBs
ever (The BOAT; Burns et al. 2023) observed (Veres et al. 2022),
with an occurrence rate of <1 per 1000 yr (Williams et al. 2023).

In this paper, we present a detailed analysis of the high-
energy observations of GRB 221009A made available through
INTEGRAL alongside a comprehensive examination of early
photometric and spectroscopic data collected via our optical/nIR
observing programs. Our analysis delves into the temporal and
spectral characteristics of GRB 221009A, offering new insights
into the nature of this remarkable event. Additionally, we explore
the characteristics of the host galaxy, including its mass, star for-
mation rate (SFR), and specific star formation rate (sSSFR), com-
paring these attributes to those of other TeV-detected GRBs and
the host galaxies of both long and short bursts. Finally, we dis-
cuss the implications of detecting extremely high energy pho-
tons, up to 18 TeV, from GRB 221009A. This observation not
only challenges existing theoretical models but also offers poten-
tial insights into fundamental physics.

The structure of this paper is as follows: Section 2 out-
lines our observational and data reduction methodologies for
GRB 221009A, spanning both INTEGRAL and optical/nIR data.
Section 3 presents the key findings from our investigation. The
paper culminates in Section 4 with a discussion of the impli-
cations of our results, and this is followed by a concise sum-
mary and conclusion in Section 5. Errors throughout the paper
are reported at the 1o~ confidence level, unless otherwise stated.

2. Observations
2.1. High-energy INTEGRAL observations

The prompt emission of GRB221009A (Kennea & Williams
2022) was detected by the Anti-Coincidence Shield (ACS)
of the gamma-ray spectrometer, SPectrometer on INTEGRAL
(SPI), on board the International Gamma-Ray Astrophysics Lab-
oratory (INTEGRAL) observatory (Gotz et al. 2022) as well
as by the Anti-Coincidence Shield (VETO) of the INTE-
GRAL Soft Gamma-Ray Imager (ISGRI) mounted on the softer
gamma-ray telescope, Imager on Board the INTEGRAL Satel-
lite (IBIS). In this work, we examine the prompt temporal data
of GRB 221009A registered by this observatory.

2.2. Early photometric observations

2.2.1. Optical photometry from Mondy, Maidanak, and Kitab
observatories

The all-sky camera at the Mondy Observatory, operated by the
Institute of Solar-Terrestrial Physics of the Siberian Branch of
the Russian Academy of Sciences and located near the village of
Mondy in Buryatia, Russia, monitored the region encompassing
the GRB 221009A. This instrument acquired an optical image
with an integration time starting before T, that is, preceding the
Gamma-ray Burst Monitor (GBM) trigger. Despite the extensive
coverage, no optical counterpart to GRB 221009A was detected
within this time frame. Consequently, we established an upper
limit of 6 mag for any potential optical counterpart during these
initial epochs.

Follow-up observations of the GRB’s location commenced
on October 9, 2022, at 14:26:54 UT, utilizing the CCD pho-
tometer attached to the 1.6 m AZT-33IK telescope at the Mondy
Observatory. These observations were performed with an R-
filter, as described by Belkin et al. (2022a). A sequence of expo-
sures, each lasting between 90 and 120s, was captured until
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15:34:05 UT. The GRB’s afterglow is clearly detected in each
individual frame. Additional observations were conducted using
the 1.5 m AZT-22 telescope at the Mount Maidanak Observatory,
operated by the Ulugh Beg Astronomical Institute (UBAI) of the
Uzbek Academy of Sciences, situated in southern Uzbekistan,
and the 0.36 m ISON RC-36 telescope at the Kitab Observatory
(KO UzAS).

Image processing of this data set was performed using stan-
dard routines within the Image Reduction and Analysis Facil-
ity (IRAF)!, following established methodologies (Tody 1986,
1993). Photometric calibration was achieved by comparing with
nearby stars cataloged in the USNO-B1.0 database, specifically
the R2 magnitude set. The calibrated magnitudes obtained from
these observations are detailed in Table A.1.

2.2.2. BOOTES network observations

The 0.6 m robotic TeLescope of MAlaga (TELMA) at the Burst
Observer and Optical Transient Exploring System station 2
(BOOTES-2) is located at the IHSM La Mayora (UMA-CSIC)
in Algarrobo Costa (Mdlaga, Spain). TELMA responded to the
GRB 221009A soon after twilight, specifically, 18:23:06 UT on
October 9, 2022 (Hu et al. 2022). A number of 60-s images were
taken under poor weather conditions.

Later on, we triggered the 0.6 m BOOTES-5/JGT (Javier
Gorosabel Telescope) at the Observatorio Astronémico Nacional
in San Pedro Martir (Mexico). A couple of 60-s exposures
were obtained in the r-band starting on October 11, 2022, at
06:14:33 UT.

We reduced and performed aperture photometry using IRAF,
calibrating against several reference stars from the Pan-STARRS
catalog. The optical counterpart is barely detected in these
images (see Table A.1).

2.2.3. 0.9m OSN telescope follow-up

The 0.9m telescope of the Sierra Nevada Observatory (OSN;
Granada, Spain) started to observe the location of the GRB at
18:45:18.20 UT on October 9, 2022 (Ty + ~5.5h). A series of
images were obtained in the Johnson-Cousins broad-band filters
BVRI across several nights.

Photometric results were derived using the same prescription
as the BOOTES data, using the transformation equation found
by Lupton in 2005%. The brightness values in different filters are
tabulated in Table A.1.

2.2.4. CAHA 2.2 m telescope

We also triggered, with our ToO program, the 2.2 m Calar Alto
Hispano-Alemian (CAHA) telescope at the Calar Alto Obser-
vatory in Almeria, Spain. Using the mounted instrument Calar
Alto Faint Object Spectrograph (CAFOS). Two epochs of obser-
vations were executed on October 14 and 17,2022 (i.e., To+5.3d
and Ty + 8.3 d, respectively), using Sloan-griz filters. The after-
glow is clearly detected in the stacked image of both epochs.
After bias and flat field corrections, standard procedures using
IRAF routines were performed to obtain the aperture photome-
try. Results were calibrated using Pan-STARRS stars in the same
field. The full observation log is provided in Table A.1.

' https://iraf-community.github.io
2 https://classic.sdss.org/dr4/algorithms/sdssUBVRI
Transform.html
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Table 1. Log of the spectroscopic observations of GRB 221009A.

T-Ty Wavelength range Grism Exposure Instrument
(days) A) s)

0.391 3630-7500 R1000B 2x900 GTC/OSIRIS
0.409 5100-10000 R1000R 2x300 GTC/OSIRIS
3.425 9500-24700 3500 12x220  SOAR/TripleSpec
9.157 3500-8500 VPHG940  7x1200  BTA/SCORPIO-2

2.2.5. Observations with the IRTF 3.2 m telescope

On October 25, 2022, we activated the 3.2-meter InfraRed Tele-
scope Facility (IRTF) situated at the Mauna Kea Observatory in
Hawaii, USA, to monitor the burst region. We acquired near-
infrared observations in both the J and K bands, employing
continuous exposures of 50s each. The target was success-
fully detected in the stacked image. We performed aperture
photometry calibrated against the Two Micron All Sky Survey
(2MASS) catalog standards. The photometric data are presented
in Table A.1, facilitating comparison and further analysis (see
Table 1).

2.3. Spectroscopy
2.3.1. 10.4m GTC (+OSIRIS) early optical spectroscopy

We observed the optical afterglow of GRB 221009A using
the Optical System for Imaging and low-Resolution Integrated
Spectroscopy (OSIRIS; Cepa et al. 2000) mounted on the 10.4 m
Gran Telescopio de Canarias (GTC) at the Roque de los Mucha-
chos Observatory (La Palma, Spain). The observations were car-
ried out under favorable conditions (clear and dark night, seeing
~0.7"). They consisted of 2 X 900 s spectra with grism R1000B
and 2 x300s with grism R1000R, using a 1” slit, overall cov-
ering the wavelength range between 3770 A and 10000 A. The
science data acquisition started at 22:32:00 UT on October 9,
2022, which corresponds to an average epoch of 0.362 days after
the burst (Castro-Tirado et al. 2022).

The data set was reduced using standard procedures under
IRAF v1.17. In brief, individual frames were processed for bias
and flat-fielding. After that, wavelength calibrations were cal-
culated using Hg, Ar, Ne, and Xe arc frames. Lastly, the sci-
ence spectra were stacked, extracted, and flux calibrated using
the spectrophotometric standard Feige 110. We also accounted
for slit losses by scaling the spectra to the photometry of the
acquisition images (v = 17.14 £ 0.05 and i/ = 16.12 + 0.01),
correcting for an attenuation of ~25%. The stacked spectrum is
shown in the left panel of Figure 1.

2.3.2. SOAR TripleSpec near infra-red spectroscopy

On October 12, 2022, the optical afterglow of GRB 221009A
was clearly visible in the NIR (Figure 2). We observed the
afterglow with the TripleSpec4.1 (Schlawin et al. 2014) near-
infrared (NIR) spectrograph at the 4.1m SOuthern Astro-
physical Research (SOAR) telescope located at Cerro Pachén,
Chile. TripleSPec4.1 is a cross-dispersed single-object long-
slit infrared imaging spectrograph that covers a simultaneous
wavelength range of 0.95 to 2.47 microns at a spectral resolu-
tion of approximately 3500 in five spectral orders, encompass-
ing the entire z’YJHK photometric range. We took 12 short
(220s) exposures in order to not saturate the telluric lines using

the ABBA dither pattern, observing a standard star after each
ABBA sequence. We reduced all TripleSpec data following stan-
dard procedures in spextool (Cushing etal. 2004) and per-
formed telluric corrections with xtellcor (Vacca et al. 2003).
The reduced spectrum is shown in the Figure 2. High brightness
and rather shallow afterglow evolution at NIR frequencies (dis-
cussed in successive sections) of this nearby GRB allowed us to
obtain a typical featureless spectrum more than 3.4 d post burst.

2.3.3. 6m BTA (+SCORPIO-2) late optical spectroscopy

We observed the counterpart of GRB221009A on October
18, 2022, with the Spectral Camera with Optical Reducer
for Photometric and Interferometric Observations (SCORPIO-
2; Afanasiev & Moiseev 2011) mounted on the 6 m BTA tele-
scope at the Special Astrophysical Observatory of the Russian
Academy of Science (SAO RAS) in North Caucasus, Russia.
The observations were carried out under good conditions (see-
ing ~1.5”). A total of 7x1200s spectra were obtained using
grism VPHG940@600 combined with a 1.0” slit, overall cover-
ing the spectral range between 3500 A and 8500 A (right panel
of Figure 1). The data were reduced in the same manner as the
OSIRIS data. In this case, flux calibration was performed against
the spectrophotometric standard BD+75d325.

3. Results
3.1. Prompt emission

We present the high-energy light curve of GRB221009A as
observed by the INTEGRAL satellite in Figure 3. This light
curve, derived from the ACS of the SPI instrument, exhibits
a complex temporal structure characterized by two primary
episodes and an initial, less intense precursor emission. The
precursor emission was initiated at 13:16:58 UT, persisting for
approximately 17s. The principal burst phase commenced at
To =13:19:52 UT, showcasing a multipeaked profile over a span
of roughly 310, as described by Gotz et al. (2022) and depicted
in Figure 3.

The GRB position angular distance is 60 degrees off axis rel-
ative to the X-axes (center of the field of view of both SPI and
IBIS/ISGRI telescopes), and it positioned the target outside the
nominal field of view for both telescopes. Despite this, the light
curves captured through the protective shields during the main
burst phase were subject to saturation. This saturation affected
the ACS and a significant portion of the VETO-ISGRI detectors.
To circumvent this issue and estimate the unsaturated count rate,
we calibrated against data from the Mini-Calorimeter (MCAL)
detector within the VETO-ISGRI array, which remained unaf-
fected by saturation.

Additionally, we incorporated observations from the Mer-
cury Gamma-ray and Neutron Spectrometer (MGNS) aboard
the BepiColombo spacecraft, covering the energy range of 280—
460keV (Kozyrev et al. 2022). By using the light curves from
both the MCAL and MGNS detectors, we fitted the lower-
intensity segment of the SPI-ACS light curve (from 380s to
498 s post Ty), which was presumably free from detector dead
time effects. Through this analysis, we derived a scaling coeffi-
cient (k=7.99 + 0.07) between the INTEGRAL SPI-ACS detec-
tor and the INTEGRAL IBIS-VETO detector, enabling us to
model the unsaturated SPI-ACS light curves accurately. Figure 3
illustrates both the original saturated SPI-ACS light curve and
the adjusted models that represent the unsaturated emission pro-
file.
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Fig. 1. Line identification of GRB 221009A. Left. GRB 221009A afterglow optical spectrum as observed by the 10.4 m GTC(+OSIRIS) 8.6 hours
post burst. The signal is represented by the solid black line, and the error spectrum is indicated with the gray dotted line. Vertical gray lines and
bands represent the regions affected by telluric absorption. Identified lines at a given redshift are marked following the color code shown in the
plot. Right. Her line observed by the 6m BTA(+SCORPIO-2) on October 18, 2022. With the analysis of these early spectra, we established a

redshift of GRB 221009A to be 0.151.
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Fig. 2. Spectrum of GRB 221009A obtained with the TripleSpec spec-
trograph on the SOAR 4.1 m telescope.

3.2. Energetics

As we have discussed above, the burst was detected ~60° off
the axis of the INTEGRAL spacecraft, so it became neces-
sary to apply an off-axis correction before calculating the total
energy of the burst. For the bursts that are not aligned with the
telescope axis, the off-axis calibration was obtained from the
bursts that are simultaneously detected by the Fermi and INTE-
GRAL spacecraft (Chelovekov et al. 2019; Pozanenko et al.
2020; Minaev & Pozanenko 2023). Utilizing a calibration
method by Chelovekov et al. (2019), Pozanenko et al. (2020),
Minaev & Pozanenko (2023), we converted the observed count
rate into fluence, accounting for the off-axis angle (the angle
between the direction toward the source and the X-axis of the
INTEGRAL spacecraft, corresponding to the center of the field
of view of the apertured instruments IBIS-ISGRI, SPI, JEM-X)
and the peak energy (E},) by assuming a cut-off power-law (CPL)
model spectrum. It is important to note that these fluence val-
ues should be regarded as lower limits. Using the calibration
method and the spectral model discussed above, we estimated
the fluence in the 80—10 000 keV energy band for two character-
istic energy types. For the soft energy spectrum (E, =500keV),
we obtained the fluence F1= 3.93'2 x 1072 ergem™2, and for

relatively harder spectrum (E, =1000keV), we got the flu-
ence F2=2.0*04x 1072 ergcm™. Both of these estimates are
lower than the fluence estimates published in other papers

that were obtained with other experiments (e.g., the fluence
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Fig. 3. Light curve of the main episode of GRB 221009A prompt emis-
sion as observed from INTEGRAL/ACS (in count rate unit). In black,
we represent the original data (saturated), the red line shows the model
calibrated against the BepiColombo detector, and in blue we plot the
restored light curves using the INTEGRAL/IBIS-VETO detector. Our
earliest optical observations closely resemble the epoch of the precur-
sor activity and are the earliest optical observations ever reported for
this historic burst.

in 1-10000keV energy range, obtained in Fermi/GMB by
Lesage et al. 2023, is 9.5 x 1072 erg cm~2). Possible explanations
are as follows: (1) The light curve in the IBIS/VETO detec-
tor used for dead time corrections is also affected by dead time
effects. (2) The spectral response of the IBIS/VETO and ACS
detectors is significantly different; that is, the spectral range of
IBIS/VETO is shifted to a lower energy in comparison to the
ACS nominal energy range 80keV-10MeV. This fluence rep-
resents an approximate seven-fold increase over GRB 130427A
(at z = 0.34), previously the brightest event known before
GRB 221009A, as reported by, for example, Ackermann et al.
(2014), Maselli et al. (2014).
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Table 2. Characteristics of a set of extensively examined TeV-detected GRBs sourced from various published papers, along with respective

references provided in the final column.

GRB z Too (s) Eyjso (erg) SFR  log(M/Mg) Ay (mag) SN connection References
GRB160821B 0.162 1 2.10x10° 120 8.5 KN Lamb et al. (2019), Troja et al. (2019)
GRB 180720B 0.654 49 6.00 x 1073 - - NO Fraija et al. (2019b)
GRB190114C 0425 116 2.50x10% 9.27 9.4 0.93 Yes de Ugarte Postigo et al. (2020), Fraija et al. (2019a)
GRB 190829A 0.078 63 3.00x 100 12.04 6.87 2.37 Yes Hu et al. (2021), Gupta et al. (2022b)
GRB201015A 0.426 9.78 3.86x10°'  — - Yes Ror et al. (2023), Belkin et al. (2024)
GRB201216C 1.1 299  6.32x10%3 - - NO Ror et al. (2023)
GRB221009A 0.151 327 ~1.00x10°°> 9.70 1.20 0.12 Yes This work, Lesage et al. (2023)
Age of the Universe (Gyr) Table 3. Absorption line measurements from the OSIRIS afterglow
13.7 50 3.0 20 1.0 08 0.6 0.5 spectrum.
5 T T I'l
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: Call13935 4527.26+£0.37 0.1505756 1.78+£0.14 1.29+0.31
oo © .: o 1} CallA3970 4566.69+0.13 0.1504186 0.87 +0.10 0.93+£0.34
1 NalD @ 6780.75+0.27 0.1503387 0.38+0.04 -
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Fig. 4. Comparison of the relationship between the isotropic gamma-
ray energy (Ey,iso) distribution and the redshift (z) of GRB 221009A
(red square) with other TeV-detected GRBs listed in Table 2. The back-
ground consists (blue circles) of a distribution of E, i, for a sample of
GRBs with a measured z, taken from Minaev & Pozanenko (2020). The
upper X-axis represents the age of the universe in giga years, corre-
sponding to the redshift values indicated on the lower X-axis.

In our analysis, assuming unsaturated conditions, we calcu-
lated the isotropic gamma-ray energy (E, is,) to be 1.5 X 10%* erg
and 1.2 x 10°* erg for E, values of 500keV and 1 MeV, respec-
tively. Both E, scenarios are consistent with the Amati corre-
lation for IGRBs, as detailed by Minaev & Pozanenko (2020).
Relative to GRB 130427A, our findings indicate an approximate
1.5-fold increase in E,, ;5,. Additionally, we explored the relation-
ship between the isotropic gamma-ray energy distribution and
redshift (z) among TeV-detected GRBs (Table 2). Our analysis
reveals that TeV-detected GRBs exhibit a broad range of ener-
getics and adhere to the established relation, with GRB 221009A
positioning it at the boundary of this relation (see Figure 4).

3.3. Redshift determination

In the GTC/OSIRIS stacked spectrum, the afterglow continuum
is prominently detected across a wavelength range from 4000 A
t0 9000 A, showcasing an average S/N of ~85. Notably, as illus-
trated in Figure 1, at the bluer end of the spectrum, signifi-
cant absorption can be observed, primarily attributable to the
considerable Galactic extinction in the burst’s direction, quan-
tified as E[B — V] = 1.30 + 0.06 mag (Schlafly & Finkbeiner
2011). The spectrum is characterized by several absorption fea-
tures, attributable to various systems from the Milky Way (z =
0.0) to the interstellar medium (ISM) of a galaxy at redshift
z = 0.1504 = 0.0001. We identified this latter galaxy as the

Notes. @ Ay is the centroid of the line computed from a Gaussian fit.
B®EW,. represents the equivalent widths calculated at the rest frame.
(©EWggp is the average equivalent width typically observed in after-
glow spectra of IGRBs (de Ugarte Postigo et al. 2012). “NalD denotes
the blending of Nal15892 and Nal15898, which is not resolved in our
spectra.

potential host of GRB 221009A based on the detection of the
Call and Nal doublets. The redshift of the system is estimated
from the centroid measurements of the host lines. We used
a Gaussian fitting method to accurately identify the positions
of the spectral lines and the error of each individual centroid,
and then we computed the average, assuming that all of them
come from the same cloud (refer to Table 3 and the left panel
of Figure 1, de Ugarte Postigo et al. 2022; Castro-Tirado et al.
2022; Malesani et al. 2023).

As the afterglow faded, we observed the emergence of super-
nova signatures alongside emission lines from the underlying
galaxy (Belkin et al. 2022b). Both in the 2D and 1D spectra, we
identified an emission feature at the location anticipated for the
Ha line of a galaxy at z = 0.151. This observation decisively
links the observed emission and absorption lines — representing
regions of hot and cold gas, respectively — to the same galaxy, as
depicted in the right panel of Figure 1. These findings strongly
constrain the GRB’s redshift to z > 0.151, suggesting an asso-
ciation with the galaxy. Additionally, the absence of the MgII
doublet in our spectra sets an upper redshift limit of z < 0.430,
reinforcing the connection between the GRB and the galaxy.

3.4. Absorption and emission line analysis

We calculated the equivalent widths (EWs) of the absorp-
tion lines from the ISM of the host galaxy of GRB 221009A
(see Table 3). The CallH&K values from our spectrum
are consistent with the values commonly found in IGRB
hosts de Ugarte Postigo et al. (2012). Using the tight correla-
tion EW(Nal) — E(B-V) existing in the Galaxy Poznanski et al.
(2012), from the Nal doublet EW measurements, we inferred a
host galaxy extinction of E[B — V] = 0.039 + 0.007. This sce-
nario assumes that the host galaxy has an extinction law roughly
similar to that of the Milky Way and fundamentally that the
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Table 4. Emission line measurements from the BTA spectrum.

Feature Aovs [A]

Flux [ergs™' cm

2] Luminosity [ergs™']  EW,eq [A]

Ha 7560.20 +0.03

(231 £0.04)x 10713

(1.51£0.03)x 10*  -3.70+0.10

Notes. The term A,ps is the centroid of the line computed from a Gaussian fit. The flux and luminosity values have been corrected for Galactic

extinction.

extinction in the line of sight is dominated by a diffuse inter-
stellar component rather than by circumstellar dust.

Two absorption lines from the same species reside within
the linear regime of the curve of growth (CoG) if the following
relationship holds:

EW, f 1 /13,1 (1)
EW, pAd,’
where f] and f, are their oscillator strengths and Ap; and Ag»
are their rest wavelengths. This Eq. (1) is valid for the Call
lines, allowing us to reliably estimate the column density as
log N(CaIl/cm™2) = 13.30 + 0.03. It is important to note that
our column density measurement is less than the lower limit
reported by Malesani et al. (2023). This is due to the discrep-
ancy with the Call13970 measurement (~3.507), which places
the Call ion in the saturated regime for their case. The substan-
tial equivalent widths, alongside the absence of saturation, imply
a significant effective Doppler parameter. This suggests the pres-
ence of a large galaxy with extensive kinematic breadth.

From the flux of the Ha emission line (Table 4), we obtained
a luminosity of Ly, =1.54+0.09ergs™!, inferring an SFR of
~0.8 M, yr’1 Kennicutt & Evans (2012). From this measured
SFR, we derived, using the correlations found by Belfiore et al.
(2018) in the MaNGA sample of star-forming galaxies, a
log(M./My) = 9.7 + 0.6 (propagating SFR errors and disper-
sion of the relationship). Since this Ly, method is sensitive to
the flux calibration accuracy, slit losses, and absorption in the
line of sight, we also analyzed the EW of the Ha line. Fol-
lowing Belfiore et al. (2018), we estimated an sSFR (which is
a measure of the rate at which new stars are formed relative
to the total stellar mass of the galaxy) for the host galaxy of
log(sSFR) =—10.1 + 0.2 yr~'. Assuming the log(sSFR)—log(M.)
correlation suggested by Belfiore et al. (2018), we estimated a
stellar mass of log(M. /M) ~ 10.3 (with a high intrinsic scat-
ter), so SFR~ 1.2 M, yr~!. The magnitude limits of the host
galaxy measured on images of the Pan-STARRS (PS1) survey
are (g, 1, i, z) > (22.0, 21.5, 21.4, 20.2). Using this information
and the work by Garcia-Benito et al. (2019), we can also impose
an upper limit on the stellar mass, namely, log(M../My) < 10.0,
and it implies an SFR < 1.0 M, yr~'. These results are consistent
and also support the low host galaxy extinction inferred from
the neutral sodium absorption. They are also compatible with
Levan et al. (2023), Malesani et al. (2023).

3.5. Afterglow analysis
3.5.1. Early afterglow

The very early acquisition of optical observations signifi-
cantly enhanced our comprehension of the mechanisms under-
lying GRBs. These observations are indispensable to prob-
ing the constitution of the fireball ejecta, helping pinpoint the
emission locations of GRBs, discerning the central engine’s
activity, and elucidating the magnetization nature and the
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bulk Lorentz factor, among other fundamental aspects of
GRB physics (Nakar & Piran 2004; Zhang & Kobayashi 2005;
McMahon et al. 2006). Typically, early optical emission, which
is external in origin, may explain phenomena such as reverse
shock initiation, the onset of the afterglow, or even the mani-
festation of optical flash signatures within afterglow light curves
(Mészaros & Rees 1999; Japelj et al. 2014; Gupta et al. 2021a).
Nonetheless, cases of prompt optical emissions stemming from
internal processes have been observed (Vestrand etal. 2005;
Oganesyan et al. 2019).

Concerning GRB 221009A, optical observations were reg-
istered preceding the gamma-ray prompt emission (see Sec-
tions 2.2, and 2.3). Such data are exceedingly scarce, yet they are
crucial for unraveling various enigmas surrounding GRBs (see
Section 4.1 for more detail). Leveraging this dataset and aug-
menting it with external literature, we delved into the afterglow
emission’s evolution during the initial days in order to delin-
eate some of the afterglow’s physical characteristics (refer to
Section 3.5.2 for further details). The convention for the evo-
lution of afterglow flux with time and frequency is represented
as F(t, v) oc 1% 5.

3.5.2. Optical/X-ray afterglow light curve and spectral energy
distribution

This section offers a comprehensive analysis of the multiwave-
length afterglow of GRB 221009A, incorporating our early opti-
cal observations listed in Table A.1 alongside publicly avail-
able optical data sourced from GCN circulars® and various pub-
lications. The data include observations in the r, i, and z fil-
ters (Shrestha et al. 2023), Liverpool Telescope observations in
the g, r, and i filters (Laskar et al. 2023); additional g, V, r, i,
and z filter data (Kann et al. 2023); observations using the HST
filters F625W and F775W (Levan et al. 2023); r, i, and z fil-
ter data (O’Connor et al. 2023); and R, J, H, and K data from
Ror et al. (2024). The resultant multiband light curves are pre-
sented in Figure 5, which illustrates the comprehensive temporal
coverage achieved by merging our initial R-band observations
with subsequent publicly available observations, facilitating a
robust fit using a smoothly joined broken power-law model. The
early optical afterglow excludes any obvious flares and wiggles
found, for example, in the bright afterglow of GRB 030329 (e.g.,
Mazaeva et al. 2018). The fit (optical R-band) yields power-law

indices of @, = —0.56*00%, @y = —1.417003, with a break

time of t,, = 24 0003228 s. The posterior distribution of the
fit, depicted in Figure A.1 (upper panel), aligns well with find-
ings from referenced studies (Shrestha et al. 2023; Laskar et al.
2023; Kann et al. 2023). The initial flat phase (pre-break) in the
light curve suggests a prolonged activity of the central engine,
transitioning into a steeper decline post break, which is indica-
tive of the forward shock interacting with the external medium.
In another scenario, an early jet break is also predicted at tb,
as proposed by Levan et al. (2023), O’Connor et al. (2023). Our

3 https://gcn.gsfc.nasa.gov/other/221009A.gcn3
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analysis did not identify a reverse shock component in the
optical spectrum of GRB221009A, although a reverse shock
origin for radio emissions is proposed in Laskar et al. (2023).
Due to the sparse data in the g, i, and z filters, we applied a sim-
ple power-law model, finding temporal decay indices consistent
across these filters and matching the R-band light curve as well
as a hint of a temporal break around #, ~ 24 000 s. Model fits to
the g, i, z, J, H, and K band light curves are presented in Figure 5
as colored solid lines for visual guidance.

The X-ray light curve at 10 keV, sourced from the Swift-XRT
database* (Evans et al. 2007, 2009), displays a power-law decay
without notable features, such as flares. Fitting a simple power
law to the data results in a decay index of ay = —1.66f8:8}.
Segmenting the light curve for further analysis revealed decay
indices consistent within their error margins (ax; = —1.63*0.0;,
axy = —1.717003, and ay3 = —1.717013). Our fitting procedure
confirms that a simple power law adequately models the Swift-
XRT data, supporting conclusions drawn from similar analy-
ses (Shrestha et al. 2023; Laskar et al. 2023; Kann et al. 2023).
However, when applying a smoothly joined broken power law to
the Swift-XRT curve, the resulting indices before and after the

identified break time at 7, = 850007323 s, iy = 1.447001, and

ay = 1.86”_’8‘8%, display a discrepancy with segment-based anal-
yses, highlighting challenges in constraining the break time, as
shown in Figure A.1 (bottom panel).

Following the methodology outlined in Gupta et al. (2022a),
Ror et al. (2023), we constructed joint optical to X-ray spectral
energy distributions (SEDs) for four epochs across a series of
observations. For the spectral fitting, we utilized XSPEC (Arnaud
1996) software. Each spectrum was then fitted by an absorp-
tion power-law model incorporating the absorption components
phabs and zphabs, respectively proportional to the Galactic
(NHga) and host (NH,) hydrogen column density along the
line of sight of the observer. We took the value of the Galac-
tic hydrogen column density NHg, = 0.538 x 10?2 cm=2° from

4 https://www.swift.ac.uk/burst_analyser/01126853/
3 Given the very small redshift for GRB 221009A, the Galactic hydro-
gen column density and the intrinsic hydrogen column density are
covariant in nature. We have noted that a larger NHg,, as suggested
by Tiengo et al. (2023), would indeed result in a decrease in NH,.

tributions. The apparent magnitude is rep-
resented on the right-side Y-axis.

the Swift burst analyzer page (Evans et al. 2007, 2009), and it
was further calculated from the NHg, map of Willingale et al.
(2013). To constrain the value of the host absorption compo-
nent NH,, we retrieved the late time spectra in the tempo-
ral range 676695 to 101193 s from the Swift-XRT webpage®
(Evans et al. 2007, 2009). This is crucial because several fea-
tures (e.g., flare, plateau, bumps, and pile-ups) present in the
early afterglow light curve can reverberate the value of NH,
(Dalton & Morris 2020). By fitting the late time spectrum while
keeping NH, as a free parameter, we constrained the value of
NH, = 1.430x10*cm~2, which is very close to the value
obtained by Williams et al. (2023) for the time-averaged spec-
trum in PC mode. For our subsequent analysis, the host and
Galactic column densities were kept fixed at NH, = 1.430 x
10?> cm~2 and NHgy = 0.538 x 10%> cm™2, respectively.

The X-ray spectra for four distinct epochs (SED 1 at 3000—
10000, SED 2 at 20 000-30 000 s, SED 3 at 160 000-250 000,
and SED 4 at 500 000-700 000 s) were retrieved from the Swift’s
burst analyzer page (Evansetal. 2007, 2009). As discussed
above, we utilized XSPEC software for the spectral fitting, using
the absorption power-law model, but this time the host and
Galactic column densities were kept fixed at NH, = 1.430 x
102 cm2 and NHg, = 0.538 x 10*2cm™2, respectively. Fur-
ther, the test statistic C-stat was used to check for goodness of
fit (Cash 1979). This analysis yielded spectral indices Bx; =

~0.670%, B = —0.8070%2, B = —0.74700%, and fu =
—0.92f8:{} for each epoch. The C-statistic (Cstat) and the cor-

responding degree of freedom (dof) for the four epochs respec-
tively are 1203.7 and 962; 1022.5 and 924; 535.6 and 609; and
323.2 and 444. Our spectral fitting results are consistent with
the results given in Table 1 of Williams et al. (2023) at similar
epochs. For epochs SED 2, SED 3, and SED 4, ample multi-
band optical observations enabled us to derive optical spec-
tral indices, obtaining By = —O.73ﬁ8:{3, Bos = —O.Sng:H, and
Boa = —0.23%011.

Throughout the observation period, the X-ray spectral index
Bx remained consistent with the closure relation for vx > v,

where S £, with the electron energy distribution index p

® https://www.swift.ac.uk/xrt_spectra/01126853/
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constrained to approximately 1.6. This condition supports the
notion of an early jet break and a particle distribution index less
than two, as discussed in Gao et al. (2013). With this value of p,

we can explain the temporal decay index ax = % ~1l6asa
distribution in an ISM-like medium. However, the optical decay

indices for the second and third epochs, «,, correspond to the

relation @, = £ +810 in a wind-like medium for v, > v..

In contrast, the last epoch’s optical spectral index, 8,4 ~ 0.23
(with AB ~ 0.5), aligns with the spectral regime of v, < v,
( o = %), and the optical decay index satisfies @, = %
in an ISM-like medium. For scenarios where p is greater than
two, as suggested by Shrestha et al. (2023), Kann et al. (2023),
Laskar et al. (2023), O’Connor et al. (2023), decay indices in
either ISM or wind-like media remain unexplained. Our find-
ings indicate that a singular type of surrounding medium can-
not account for the observed variations in light curve decay.
Evidence supporting an early jet break and a transition from a
wind-like to an ISM-like surrounding medium is also presented
in Levan et al. (2023), O’Connor et al. (2023). This transition is
consistent with previous findings in TeV-detected GRBs, such
as those for GRB 190114C, where a similar transition was pro-
posed by Fraija et al. (2019a). Detailed modeling of this medium
transition, however, exceeds the scope of this study.

Our analysis revealed that over the last epochs examined,
the X-ray spectral indices remained largely unchanged within
errors. Conversely, the optical spectral indices exhibited a soft-
ening trend, signifying a notable alteration of approximately 0.5
in the spectral index around the epoch selected for SED 4. This
observation aligns with the expected behavior of v, o !/? in
a wind-like environment, following a post jet-break scenario.
Such a scenario, as deduced from our study, concurs with find-
ings reported in recent literature Ren et al. (2023), Shrestha et al.
(2023), Levan et al. (2023), O’Connor et al. (2023).

Furthermore, the TripleSpec spectrum we obtained at
+3.4 days post burst — close to the epoch selected for SED 3 in
optical frequencies — predominantly shows continuum emission
from the y-ray burst afterglow, devoid of any discernible super-
nova absorption features. This case is in contrast to later pho-
tometric and spectroscopic analyses conducted beyond 20 days,
which suggested underlying supernova features (Fulton et al.
2023; Blanchard et al. 2024). Therefore, to model our spectrum,
we employed a power-law approximation F, ~ ¥, using iden-
tical extinction coefficients as previously assumed. The best fit
for our TripleSpec data suggests a power law with 8 = —0.579 +
0.022 (see Figure 2), indicating a marginally steeper decline than
that observed in JWST/NIRSPEC measurements around ten days
later, which presented 8 = —-0.362 + 0.001 within the same
spectral domain (Levan et al. 2024). This steepening trend is
consistent with our optical spectra, providing further evidence
for a temporal softening in the spectral hardness of the after-
glow. Significantly, the timing of our TripleSpec observations —
approximately 290 000 s post burst, closely aligning with SED
3 — affords an independent corroboration of the estimated opti-
cal spectral index of —0.58 + 0.11. Additionally, our TripleSpec
spectra are relatively insensitive to reddening, thereby under-
scoring the precision of our modeling approach.

3.6. GeV-TeV emission of GRB 221009A

GRB 221009A is notable for its exceptional brightness and
broad spectral range, spanning radio to TeV energies. It is
only the sixth IGRB to exhibit such extensive spectral emis-
sion, alongside GRB 180720B, GRB 190114C, GRB 190829A,
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Fig. 6. Optical to X-ray SED corresponding to the time intervals shown
by the color-coded vertical bands in the multiband afterglow light
curves given in Figure 3. The dashed lines represent the power laws
fitted to each spectrum, and values of indices obtained from the fitting
are tabulated in Table 5. Optical observations shown here have been
corrected for Galactic extinction.

GRB 201015A, and GRB 201216C. These rare GRBs, observed
in both GeV and TeV energies, exhibit complex spectral
features that challenge simple models (Miceli & Nava 2022).
For instance, while some GRBs such as GRB 190829A
have been modeled with a single synchrotron mechanism
(H. E. S. S. Collaboration 2021), others such as GRB 190114C
and GRB 180720B require additional synchrotron self-Compton
components (MAGIC Collaboration 2019; Fraija et al. 2019b).
The origin of GeV-TeV emissions remains debated, particularly
regarding their internal versus external sources (Sahu et al. 2023;
Wang et al. 2023; Berti & Carosi 2022; Gupta et al. 2021b).
In the case of GRB221009A, the detection of TeV photons
coincides with the prompt emission phase, adding complex-
ity to our understanding of GRB physics. The Large High
Altitude Air Shower Observatory (LHAASO) reported around
5000 photons up to 18 TeV during the first 2000 seconds of the
GBM trigger (Huang et al. 2022), later presenting the result-
ing time-dependent light curves for energies between 200 GeV
and 7TeV (LHAASO Collaboration 2023). The Carpet-2 mis-
sion also identified photons up to 250 TeV (Fraija et al. 2022).
This very high energy detection provides insights into extra-
galactic background light (EBL) models and challenges stan-
dard physics. In this section, we explore the attenuation effects
on TeV photons from GRB 221009A. Furthermore, we provide
a comparative analysis of GRB 221009A with the other TeV-
detected GRBs in Section 4.2.

3.6.1. Photon survival probability

To estimate the number of photons with energy around E,,
we extrapolated the energy spectrum measured by LHAASO-
WCDA for each observation period #, considering the lower
limit on the spectral index and the upper limit on the flux nor-
malization. The corresponding EBL absorption was applied, and
the result was convoluted to the effective area and observation
time of LHAASO-KM2A,

Emint 10 ) E - )
Nexpect (Emin» 2) = Z L dEJ(l) ( 1 Ge_V) €_T(Z'E)Aeﬁ(E)All,

‘min
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where e ™“E) is the attenuation for a given energy and distance,
At = (9,8,18,574,1100) s are the duration of the observation
periods reported by LHAASO, and I'" and Jé are respectively the
lower limit on the fitted spectral index and the upper limit on the
fitted normalization of the spectrum of each observation period.
The effective area, A.g, of LHAASO-KM2A was obtained from
Aharonian & An (2021) and interpolated for the correct zenith
angle of observation. The attenuation depends on the EBL model
considered. In this calculation, we considered the Dominguez
(2011) model in which upper and lower limits are provided,
making it possible to evaluate the uncertainties coming from the
EBL estimations Dominguez (2011). The probability of detect-
ing at least one photon from a source at redshift z with energy
around Ey;, can be calculated considering the expected Poisso-
nian behavior of the measurement by

P ]y. @=1- elexvect (Emin,2)

min

@

In the next subsection, we touch on other potential Lorentz
invariance violation (LIV) effects on pair production for
GRB 221009A.

3.6.2. Additional LIV considerations

We examined the LIV effects on pair production. We note that
non-detection of photons above certain thresholds in the mea-
sured gamma-ray spectra can constrain LIV parameters (see
Martinez-Huerta et al. 2020, and references therein). For exam-
ple, under usual considerations, for E(L'I)V =9.14 x 1028 eV (cur-
rent limits Lang et al. 2019), the expected number of photons
around 1PeV and 10PeV was estimated to be on the order of
500. Thus, their non-detection would disfavor the LIV assump-
tion, and limits on the LIV parameters can be established.

Moreover, a LIV hypothesis might imply varying speeds
for photons of different energies (for example, higher
energy photons have lower speeds in subluminal scenarios
Addazi et al. 2022), leading to energy-dependent time delays
(see Martinez-Huerta et al. 2020, and references therein). For
instance, the expected time difference for photons of 1 MeV and
99.8 GeV is 13.53(5.67 x 1072) s for Ery = 9.14 x 10?8 (2.18 x
1031 eV and 7.51 x 1072 (3.14 x 10™*) s for 10GeV and 18 TeV
LHAASO photons. Still, more detailed investigations into the
measured data and model are needed for exploring this and other
LIV potential effects.

4. Discussion

4.1. Constraining GRB physics using the very early optical
observations

We compiled a joint SED for the prompt emission, integrating
data across optical and gamma-ray wavelengths from the early
observations of GRB 221009A by the Mondy Observatory’s all-
sky camera (see Figure 7). The gamma-ray spectra from Fermi
(spanning from Ty +40 to Ty +1205s) during the Mondy obser-
vations, characterized by a Band function, was derived by
Ror et al. (2024). It is noteworthy that our optical observations
are not directly related to the prompt gamma-ray spectrum cap-
tured by Fermi/GBM.

Our analysis suggests that GRB 221009A either lacks optical
emissions of internal origin or possesses very faint optical emis-
sions that fall below the Mondy Observatory all-sky camera’s
detection threshold. The non-detection of bright optical emis-
sions of internal origin could be due to the overwhelming nature

Table 5. Spectral indices obtained from fitting the SEDs given in the
right panel of Figure 6.

Time (s) Bo Bx b4

SED 1 at 300010000 - —0.67*092  1.34+0.04
SED 2 at 20 000-30 000 -0.73*314 -0.80*292  1.60+0.04
SED 3 at 160000250000 -0.58*011  —0.74+006  148+0.12
SED 4 at 500000-700000 —0.23*%11 _0.92+0.11 184 40.22

-0.11 -0.11

of the concurrent, bright prompt gamma-ray emission. Alterna-
tively, the non-detection may result from the rapid variability of
the internal origin, where the peak optical flux is extremely high
but occurs within durations too brief to be detected within a 60-s
exposure.

In examining the possible reasons for the lack of early opti-
cal emissions with external origin, we assumed the same spec-
tral regime and environmental density parameters as used in
SED 1. By extrapolating the forward shock component’s tem-
poral decay, we estimated the expected optical brightness to be
approximately 9.5 magnitudes at the time of the Mondy obser-
vations. Additionally, by considering the theoretically expected
temporal decay (t~> for ISM) from the thin shell external shock
model’s reverse-shock component, we estimated an expected
brightness of approximately 4.5 magnitudes. The absence of
early bright optical flash/reverse shock emissions linked to
GRB 221009A suggests that the reverse shock component’s
emission either peaks at frequencies below the optical range or
is obscured by the internal shock’s prompt emissions.

We noted that for GRB 221009A, there is no early bump or
peak observed in the optical light curve. Further analysis, using
our earliest optical observation as an upper boundary for the
peak time #pcax, allowed us to establish a lower limit for the bulk
Lorentz factor, I’y > 470, using Eq. (4) of Ror et al. (2023). (For
a detailed description of the methodology, see Molinari et al.
2007; Ror et al. 2023).

4.2. Comparison of GRB 221009A with other well-studied
TeV IGRBs

After detecting TeV emission from GRB221009A using
LHAASO and Carpet-2, it became the sixth IGRB cataloged as
having a TeV detection. Notably, GRB 160821B, an sGRB, is
also in this list but with TeV photons below the 3-sigma thresh-
old. GRB221009A shows similarities to other TeV-detected
bursts, as shown in Table 2, such as GRBs 190829A and
190114C, including two distinct prompt emissions: a modest
precursor and a vivid multipulsed light curve. Among the TeV-
detected GRBs, GRB 221009A has the longest prompt emission
duration, potentially qualifying it as an ultra-lIGRB (Ror et al.
2024). A comparative analysis revealed GRB 221009A’s optical
afterglow as the most luminous among TeV-detected GRBs and
supernova-associated GRBs, with its X-ray afterglow also being
exceptionally bright (see Figure A.2).

The TeV photons from GRB 180728B were detected about
10 hours post burst, while the nearest TeV burst, GRB 190829A,
shows TeV photon detection starting 4 hours after the trigger
and lasting three nights, making it the longest-duration TeV-
detected burst (H. E. S. S. Collaboration 2021). GRB 190114C
and GRB 201216C exhibit early TeV emission but with max-
imum energies around 1TeV. In contrast, GRB221009A’s
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Fig. 7. Spectral energy distribution of prompt emission during the early
optical observations of GRB 221009A taken with the all-sky camera
at the Mondy telescope. The shaded blue region represents the uncer-
tainty associated with the spectral parameters of the prompt emission.
The Fermi spectrum (T +40 to Ty +120s) during the Mondy observa-
tions, characterized by the best-fit Band function, is from Ror et al.

(in prep.).

TeV photons, reaching around 250TeV, challenge existing
extragalactic background light models, leading some to sug-
gest they may originate from Earth’s atmosphere (Sahu et al.
2023). The origin of GRB 221009A’s TeV photons is explained
by reverse shock acceleration of electrons and protons in a
high magnetic field (Zhang et al. 2023). Alternatively, a two-
component jet model (Sato etal. 2023) and multiwavelength
analysis (O’Connor et al. 2023) offer additional explanations.
Recent studies also suggest that the environment around the burst
might influence TeV emissions (Gupta et al. 2022b).

We conducted a thorough examination of the host galaxies
associated with TeV-detected GRBs in order to ascertain whether
these phenomena require distinct environments for the produc-
tion of TeV photons. Figure 8 depicts a comparative analysis
of host galaxy characteristics for TeV GRBs alongside exten-
sively studied IGRBs and sGRBs. Our investigation encom-
passed an assessment of host galaxy mass in relation to SFR
and sSFR for TeV-detected GRBs, with data points for IGRBs
and sGRBs sourced from Savaglio et al. (2009). Remarkably,
our findings indicate that the properties of host galaxies housing
TeV-detected GRBs align with those observed for typical IGRBs
and sGRBs. Furthermore, we identified striking similarities in
the characteristics (mass, SFR, and sSFR) of the host galaxy of
GRB 221009A with those of GRB 190114C.

4.3. Probing fundamental physics

Due to the EBL phenomenon, TeV photons experience cumula-
tive attenuation, which increases with distance. Galactic sources
in the TeV range are less affected, but extragalactic photons have
a significantly reduced survival probability, leading to a strong
suppression of gamma-ray flux on Earth. We estimated the detec-
tion probability of at least one photon, P, 'Y from a source at
the redshift of GRB 221009A. Results (1nclud1ng the confidence
level equivalent for a double-sided Gaussian of the measurement
not being explained by such assumptions on the right axis) are
shown in the top panel of Figure 9, and they indicate a detec-
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Fig. 8. Host galaxy characteristics of TeV GRBs presented along with
other well-studied IGRBs (shown with cyan circles) and SGRBs (shown
using orange circles) to determine if TeV-detected GRBs require unique
environments. Top panel: Distribution of host galaxy mass plotted
against SFR, with the top X-axis and right side Y-axis representing the
histogram of mass and SFR, respectively. The dashed black line rep-
resents an sSFR of 1 Gyr~! Bottom panel: Distribution of host galaxy
mass as a function of sSFR, with the top X-axis and right side Y-axis
representing the histogram of mass and sSFR, respectively. In these his-
tograms, the vertical red lines show the position of GRB 221009A. The
position of GRB 221009A is marked using red diamonds in both figures.

tion probability (affected by EBL modeling and LHAASO’s
energy resolution) of P18 Tey 88 4.9 X 1073 (4.060) under stan-
dard assumptions. The EBL uncertainties may shift this prob-
ability from 4.4 x 1078 (5.470) to 6.2 x 1073 (2.7307). Energy
resolution could further increase P:gTeV t0 6.7 X 1072(1.830).
Thus, the 18 TeV GRB221009A measurements may be
explained by overestimation of energy and EBL distribu-
tion uncertainties, reaching P1285TeV = 0.991 (=0.010) in
the most conservative scenario. New physics, such as LIV
(Martinez-Huerta et al. 2020) or axion-like particles (ALPs)
(Galanti & Roncadelli 2022), could also increase TeV pho-
ton survival by avoiding pair-production. The LIV scenarios,
motivated by quantum gravity (QG) and string theories (see
Addazi et al. 2022, and references therein), suggest that very
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high energy photons can escape pair production, reducing atten-
uation above a certain energy (see Martinez-Huerta et al. 2020).
The modulation of such effects is usually expressed by a LIV

energy scale, E(L"I)V, which can be associated with a QG or the

Planck energy scale. Previous studies constrained E™

LIV
10¥ eV forn =1 (Lang et al. 2019).
The bottom panel of Figure 9 shows the change in the proba-
bility of LHAASO detecting a photon around a given energy for
different LIV assumptions. Considering the standard astrophys-

ical assumptions, we found an increase in P}gTeV by a factor of
11.91x (5.470 to 5.020°) and of 3.34x (2.730 to 2.410) for the
most extreme scenarios of EBL and a LIV scenario compatible
with current limits (Eflz\‘, =9.14 x 10® eV) (Lang et al. 2019).
We point out that although the survival probability in the LIV
nominal scenario increases over the one with no LIV, as was
exhibited here, this could be due to underestimating the energy
and/or EBL uncertainties. This is compatible with other stud-
ies’ outcomes and conclusions that have also reviewed the con-
sequences of LIV scenarios due to detecting the 18 TeV pho-
tons from GRB 221009A (see, for instance, Finke & Razzaque
2023; Zheng et al. 2023; Baktash et al. 2022; Galanti et al. 2023;

Kalashev et al. 2024).

up to

5. Summary and conclusion

This paper presents a comprehensive analysis of the early pho-
tometric and spectroscopic observations of GRB 221009A, an
exceptionally bright GRB detected by the INTEGRAL satellite,
in conjunction with other high-energy missions, such as Fermi
and Swift. For GRB 221009A, we have measured the highest
photon fluence at the highest energies to date, saturating most of
the high-energy instruments that detected this event. Our anal-
ysis of public INTEGRAL data yielded a fluence of approxi-
mately 100 erg cm2.

Utilizing our earliest GTC spectroscopic observations, we
determined the redshift of GRB 221009A to be z = 0.1504 +
0.0001, consistent with previously published values. From
this redshift, we derived an isotropic gamma-ray energy of
approximately 10 erg based on Fermi observations. Notably,
GRB 221009A stands out among GRBs at this energy level, with
the most similar events occurring at much greater distances.

Moreover, we investigated the link between isotropic
gamma-ray energy and redshift for TeV-detected GRBs.
While TeV-detected GRBs generally follow a typical relation,
GRB 221009A deviates from this trend, lying at the edge of this
relationship.

The aim of our analysis of very early photometric observa-
tions, obtained prior to the gamma-ray trigger by Fermi/GBM,
was to constrain any early reverse shock emission or prompt
optical emission. However, we found no evidence of early bright
optical emission associated with GRB 221009A. We emphasize
the importance of such early observations in investigating GRB
physics, although they remain rare. The development of dedi-
cated telescopes capable of synchronous multiwavelength obser-
vations during prompt emissions, such as the Space Variable
astronomical Object Monitor (SVOM), is currently underway
and will address this limitation.

Additionally, we examined the afterglow evolution through
combined photometric and spectroscopic analyses. The early
afterglow evolution suggests prolonged central engine activity
and a density transition in the circumburst medium from a wind-
like to an ISM-like environment, consistent with previous find-
ings for GRB 190114C.
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Fig. 9. Detection Probability of Single Photons and LIV Constraints in
Gamma-Ray Astrophysics. Top: Probability of detecting at least a single
photon with energy around Ey;,, PlEtm“. The magenta band lines show
the result for the Dominguez EBL model as well as its upper and lower
limits. The solid blue line shows the energy measured by LHAASO at
E =18 TeV, and the blue band shows the energy region within 1 sigma
of the energy resolution of the experiment (18 TeV + 40%). Bottom:
PIET“m with E;, = 18 TeV as a function of the LIV energy scale. The
magenta band again represents the EBL uncertainty. The blue shaded
areas represent the phase space of Eyy rejected with a 2, 3, and 5o con-
fidence level by the most competitive LIV limits coming from gamma-
ray astrophysics.

We also studied the SED of the host galaxy of
GRB 221009A, finding an SFR of ~1 M, yrfl, a stellar mass of
log(M./Ms) ~ 9.5, and low extinction along the line of sight.
A comparative analysis of host galaxies associated with TeV-
detected bursts and typical IGRBs and sGRBs revealed consis-
tent characteristics, shedding light on the environments of TeV-
detected GRBs.

Finally, the detection of TeV gamma-rays by LHAASO
offered the opportunity to test new physics hypotheses, con-
sidering the expected propagation attenuation and the redshift
determined for GRB 221009A. We evaluated the likelihood of
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detecting such events under standard and new physics assump-
tions, such as LIV. In the nominal scenario, the survival probabil-

ity, P}gTeV’ is 5.5 times higher than under standard assumptions.

However, further investigation is needed to fully understand the
nature of the extraordinary measurements from GRB 221009A
and its potential as a test scenario for new physics.

Data availability

Full Table A.1 is available at the CDS via anonymous ftp to
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Appendix A: Additional material
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Fig. A.1. Posterior parameter distribution obtained by fitting a smoothly joined broken power law to the R-band (top) and Swift-XRT light curve
(bottom).
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Fig. A.2. Comparison of XRT and R-band Luminosity Light Curves of TeV-detected and Supernova-associated GRBs. Top: Swift-XRT luminosity
light curve of TeV-detected GRBs (plotted in various colors) and nearby GRBs that have observed supernova emission (gray color in the back-
ground). To compare the brightness of GRB 130427A and GRB 221009A, GRB 130427A is also added. Bottom: R-band luminosity light curves
of TeV-detected GRBs are similarly plotted with the supernovae-detected GRBs in the background.

Table A.1. Optical observations of GRB 221009A (extract). The full
table is available at the CDS.

Start time T-To Exp. Filter mag®  Telescope
UT) (s) (® (AB)

2022-10-09T13:14:23  -126 60  Clear >6 Mondy
2022-10-09T13:16:24 -5 60  Clear >6 Mondy
2022-10-09T13:18:25 116 60  Clear >6 Mondy

Notes.
“Magnitudes are not corrected for Galactic extinction.
>The magnitude errors are given at the 1o~ level.
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