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Abstract

We present multiband observations and analysis of EP240801a, a low-energy, extremely soft gamma-ray burst
(GRB) discovered on 2024 August 1 by the Einstein Probe (EP) satellite with a weak contemporaneous signal also
detected by the Fermi Gamma-ray Burst Monitor (GBM). Optical spectroscopy of the afterglow, obtained by
Gran Telescopio Canarias and Keck, identified the redshift of z = 1.6734. EP240801a exhibits a burst duration of
148 s in X-rays and 22.3 s in gamma rays, with X-rays leading by 80.61 s. Spectral lag analysis indicates that
the gamma-ray signal arrived 8.3 s earlier than the X-rays. Joint spectral fitting of EP Wide-field X-ray Telescope

and Fermi/GBM data yields an isotropic energy E, s, = (5. 571338) x 105'erg, a peak energy Epea=

149077 % keV, and a fluence ratio S(25-50keV)/S(50-100 keV) = 1.67751¢, classifying EP240801a as an
X-ray flash (XRF). The host-galaxy continuum spectrum, inferred using Prospector, was used to correct its
contribution for the observed outburst optical data. Unusual early R-band behavior and EP Follow-up X-ray
Telescope observations suggest multiple components in the afterglow. Three models are considered: a two-
component jet model, a forward-reverse shock model, and a forward shock model with energy injection. All three
provide reasonable explanations. The two-component jet model and the energy injection model imply a relatively
small initial energy and velocity of the jet in the line of sight, while the forward-reverse shock model remains
typical. Under the two-component jet model, EP240801a may resemble GRB 221009A (BOAT) if the bright
narrow beam is viewed on-axis. Therefore, EP240801a can be interpreted as an off-beam (narrow) jet or an

Jiang et al.

intrinsically weak GRB jet. Our findings provide crucial clues for uncovering the origin of XRFs.

Unified Astronomy Thesaurus concepts: Gamma-ray bursts (629); X-ray transient sources (1852)

1. Introduction

Gamma-ray bursts (GRBs) are extraordinarily energetic and
luminous catastrophic events in the Universe, with a typical
isotropic energy of 10°°-10°7erg released in the prompt
emission phase (J. L. Atteia et al. 2017). The duration of GRBs
(Tyy, defined as the time span from 5% to 95% of the total
prompt emission fluence) typically ranges from subseconds to
several thousand seconds (P. Kumar & B. Zhang 2015). The
statistics of the duration of the GRB prompt emission Ty
reveal two primary types of GRB (C. Kouveliotou et al. 1993;
B. Zhang et al. 2009): type I bursts (most with Toy < 2's, so
they are also called “short GRBs”) and type II bursts (most
with Tyg>2s, known as “long GRBs”). From the 1234

* While the AAS journals adhere to and respect UN resolutions regarding the
designations of territories (available at http://www.un.org/press/en), it is our
policy to use the affiliations provided by our authors on published articles.

Original content from this work may be used under the terms

BY of the Creative Commons Attribution 4.0 licence. Any further
distribution of this work must maintain attribution to the author(s) and the title
of the work, journal citation and DOL

BATSE GRB samples®® (W. S. Paciesas et al. 1999), type II
bursts constitute about 70% of the total GRB sample, originate
from the collapse of massive stars, and are associated with
broad-line Type Ic supernovae (T. J. Galama et al. 1999;
S. E. Woosley & J. S. Bloom 2006; P. Kumar &
B. Zhang 2015). In contrast, about 30% of the GRBs are
classified as type I bursts, which originate from compact star
mergers and are accompanied by kilonovae (C. Kouveliotou
et al. 1993; B. Zhang et al. 2009; B. P. Abbott et al. 2017).
However, there are some exceptions, e.g., long-duration type I
and short-duration type II GRBs such as GRB 060505
(J. P. U. Fynbo et al. 2006), GRB 060614 (M. Della Valle
et al. 2006; J. P. U. Fynbo et al. 2006; N. Gehrels et al. 2006;
B. Yang et al. 2015), GRB 200826A (T. Ahumada et al. 2021;
B. B. Zhang et al. 2021), GRB 211221A (J. C. Rastinejad
et al. 2022; E. Troja et al. 2022), and GRB 230307A
(A.J. Levan et al. 2024; Y.-H. Yang et al. 2024).

As extensions of the classical GRBs (C-GRBs), there are
some fainter events, e.g., low-luminosity GRBs (i.e.,
T. J. Galama et al. 1998; S. Y. Sazonov et al. 2004,

%6 hitps: / /gammaray.msfc.nasa.gov /batse /grb /catalog /4b /index.html
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S. Campana et al. 2006), X-ray-rich GRBs (XRRs; see
T. Sakamoto et al. 2008), and X-ray flashes (XRFs; see
C. Barraud et al. 2003), whose physical origins remain a
mystery. Possible scenarios include off-axis GRBs (e.g.,
R. Yamazaki et al. 2002; Y. Urata et al. 2015), structured
jets (e.g., Y. Sato et al. 2021), dirty jets, and shock breakout of
a mildly relativistic jet.

The Einstein Probe (EP), launched on 2024 January 9, is
dedicated to monitoring the soft X-ray sky (W. Yuan et al.
2025). The satellite is equipped with a Wide-field X-ray
Telescope (WXT; 0.5-4keV; W. Yuan et al. 2022) and a
Follow-up X-ray Telescope (FXT; 0.3-10keV; Y. Chen et al.
2020). The WXT’s lobster-eye micropore optics provide an
expansive field of view of ~3600 deg” with a sensitivity of
~2.6 x 107" ergs'em 2 in 0.54 keV with 1 ks exposure,
which is a significant advantage for detecting transients in
space. The autonomous follow-up observations by FXT
provide quick positions accurate to ~10". Thanks to the high
sensitivity and wide-field monitoring in soft X-rays, EP is
efficient in detecting weak GRBs, providing a great opportu-
nity to unveil the physics behind.

In this Letter, we present an extremely soft GRB detected by
EP/WXT, EP240801a, and analyze and discuss the mech-
anism of the burst in detail. EP/WXT detected EP240801a
with an uncertainty of ~3/, and EP/FXT rapidly performed a
follow-up observation ~180s later, which reduced the
positional uncertainty to ~10” (H. Zhou et al. 2024). As a
result, the field of EP240801a was observed in multiple bands,
and a spectroscopic redshift of EP240801a was discovered
soon after the trigger (S. Y. Fu et al. 2024a; J. Quirola-Viasq-
uez et al. 2024; W. Zheng et al. 2024). The observed data
collected from several facilities are introduced in Section 2.
Section 3 presents our analysis of the prompt emission phase,
afterglow phase, and host galaxy. In Sections 4 and 5, we
respectively discuss the models of EP240801a and summarize
our work. The conventional cosmological model we adopted is
as follows: Hy = 69.6kms™' Mpc ™', Q,, = 0.286, 0, = 0.714
(C. L. Bennett et al. 2014).

2. Observations and Data Reduction
2.1. EP Observations

EP240801a has an unabsorbed peak flux (3.10 £+ 0.64) x
10 %ergs 'em™? in 0.54keV, and it is located at
R.A. = 345.1630, decl. = 32.5927 (J2000) with an uncertainty
of 10” in radius (at 90% confidence, statistical and systematic).
FXT performed six more follow-up observations until 6.5 days
after the burst, and EP240801a was identified in the first four
of those observations.

The processing and calibration of WXT photon events are
handled by adopting specialized data reduction software and
the calibration database (Y. Liu et al. 2025, in preparation).
The calibration database is generated on the basis of
the results of the on-ground calibration experiments
(H.-Q. Cheng et al. 2025). The position of each photon was
converted to celestial coordinates (J2000). The energy value
of each event is calculated according to the bias and gain
stored in the calibration database. After bad/flaring pixels
were flagged, single, double, triple, and quadruple events
without anomalous flags were selected to form the cleaned
event file. The photons of the source and the background
were extracted from a circle with a radius of 9’ and an
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annulus with radii of 18 and 36/, respectively. As the WXT
average net count rate is ~2.9 in the total prompt emission
phase, we grouped the WXT data with 5 minimum counts per
bin to perform the spectral analysis.

The FXT cleaned event files and response files were
generated by using the Follow-up X-ray Telescope Data
Analysis Software (FXTDAS v1.10).°” The process involved
particle event identification, pulse invariant conversion, grade
calculation and selection (grade < 12), bad- and hot-pixel
flagging, and selection of good time intervals using a
housekeeping file. With 90% of the point-spread function
enclosed by an a ~1 radius circle at 1.5 keV, the photons of
the source and background were extracted from a circle with a
radius of I’ and an annulus with radii of 2’ and 3/, respectively.
The FXT data at various times were also grouped with
different counts to enhance the signal-to-noise ratio (SNR).

After reprocessing the WXT data, the start time of
EP240801a was determined to be 09:06:20.7 on 2024 August
1 (hereafter Ty; UTC dates are used throughout this Letter) by
using the Bayesian block method (J. D. Scargle et al. 2013)
with a false-alarm probability of py = 0.005. This probability
yields a conservative estimate that is suited to the
characteristics of the WXT data. T, is 17.7 s later than the
start time reported by H. Zhou et al. (2024) in the
General Coordinates Network (GCN) circular. The prompt
emission shows a multipeaked structure as illustrated in
Figure 1. Spectral analysis was performed with Xspec
v12.14.0h (K. A. Arnaud 1996) for EP data; details can be
seen in Section 3.1.2. The results of the EP observations are
presented in Table 1.

2.2. Fermi Observations

Based on the trigger time and location of the burst, we
found a weak, subthreshold signal 80.61 s after 7, by using
the Bayesian block method in the archival data of the
Gamma-ray Burst Monitor (GBM; C. Meegan et al. 2009)
on board the Fermi Gamma-Ray Space Telescope (Fermi).
This signal was detected in the four closest detectors (n6,
n7, n9, and nb) of GBM. By fitting a first-order polynomial
to the GBM data before and after the signal (i.e., —100 to
70s and 150-200s referenced to T, respectively), we
eliminated the background contribution, providing the
background-subtracted gamma-ray light curve, as depicted
in Figure 1.

Spectral analysis was conducted using the four closest
sodium iodide (Nal; 8 keV-1 MeV) detectors. The two
bismuth germanate (200 keV-40 MeV) detectors were
excluded from the spectral analysis due to the absence of
significant transient signals in their data. We excluded the
GBM data between 30keV and 40 keV (corresponding to the
iodine K-edge; see C. Meegan et al. 2009) and the channels at
the extremes of the spectra (channels below 8keV and
channels 127 and 128 for NaI). We obtained the time-tagged
event data covering the time range of EP240801a from the
Fermi/GBM public data archive.®® The Multi-Mission
Maximum Likelihood Framework (threeML; G. Vian-
ello et al. 2015) is the main tool for analysis of Fermi/
GBM data.

67 http:/ /epfxt.ihep.ac.cn/analysis
%8 https: / /heasarc.gsfc.nasa.gov /FTP /fermi /data/gbm /daily/
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Figure 1. The prompt emission light curve obtained by EP/WXT and Fermi/GBM; the gray dotted lines indicate zero count rate. The red dashed-dotted line
represents the T, of EP240801a, and the UTC time is indicated. We analyzed the joint spectrum of EP/WXT and Fermi/GBM data during the vertical light blue
slice. The photon index (red circles) of the time-resolved fit of the EP/WXT data is shown in the upper panel. The lower panel depicts the Epeq of EP240801a, and

the inverted triangle symbols signify limits.

2.3. Ground-based Observations

The optical counterpart of EP240801a was first detected by
the 0.7m telescope of the Thai Robotic Telescope (TRT)
network at 11:06:18 on 2024 August 1, 2.24 hr after the EP/
WXT trigger. It was located at (J2000) R.A. = 23"00™39:03,
decl. =+32°35'37"95 with an uncertainty of 0.5; this is 4.4
away from the FXT center position (S. Y. Fu et al. 2024a). The
celestial location of the burst is shown in Figure 2. The follow-
up observations have been performed by a considerable
number of ground-based telescopes. Details of the filters used
with the telescopes, along with the photometric results, are
presented in Table Al and described in Section 3.2.1. The
photometric methods are described in Appendix B.

2.4. Optical Spectroscopy

The optical spectra of EP240801a were obtained with the
Optical System for Imaging and low-intermediate-Resolution
Integrated Spectroscopy (OSIRIS+) instrument mounted on
the 10.4 m Gran Telescopio Canarias (GTC; J. Cepa et al.
2000) at ~0.79 days after the EP/WXT trigger time with an
exposure time of 4 x 1200 s (J. Quirola-Vasquez et al. 2024)
and the Low Resolution Imaging Spectrometer (LRIS)
mounted on the Keck telescope (J. B. Oke et al. 1995) at
~1.02 days with an exposure time of 3 x 950s (W. Zheng
et al. 2024); see details in Appendix B.

The sections of the spectra with the highest SNR
(6000-8500 A) are illustrated in Figure 3. The significant
Mg 11 doublet and some Fe II absorption lines lead to a redshift
of z = 1.6734 £ 0.0002. Hence, we consider this value as the
redshift of EP240801a, based on the reasonable assumption

that the transient occurred in the galaxy producing those lines
rather than one at a greater distance.

3. Results
3.1. Prompt Emission
3.1.1. Light Curve

In Figure 1, we present the prompt emission light curves
of EP24080la with EP/WXT data at 0.5-4keV and
Fermi/GBM data at 8-900 keV, both with 2's bin size. The
prompt emission shows multiple pulses at 0.5-4 keV with
Too = 148.0 £3.2s. Only two peaks within T9g = 22.30 +
9.92 s are visible at 8-900 keV in the light curve from Fermi/
GBM data. The spectral lag of EP/WXT and Fermi/GBM
data was calculated by using the cross-correlation function
(D. L. Band 1997; J. P. Norris et al. 2000; T. N. Ukwatta
et al. 2010) method with a 500 ms time bin. For the
uncertainty of the lags, we used the Monte Carlo simulation
(see B. M. Peterson et al. 1998; T. N. Ukwatta et al. 2010).
The lag value is 8.3 &+ 0.8 s, which indicates that the gamma-
ray signal arrived 8.3 s earlier.

3.1.2. Analysis of the High-energy Spectra

We perform X-ray data analyses via Xspec and employ
threeML for gamma-ray data and joint fitting. The absorbed
power-law model zTbAbs x TbAbs x PowerLaw was used
to fit the X-ray spectra. The first and second components are
responsible for the intrinsic absorption and the Galactic
absorption using the Tiiebingen—Boulder interstellar medium
(ISM) absorption model (J. Wilms et al. 2000). For the
Galactic hydrogen column density, we adopt Ny = 9.78 X
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Table 1

Spectral Fitting Results and Corresponding Fitting Statistics for EP and Fermi/GBM
Time Intervals Instruments Intrinsic Absorption Photon Index* Epeakb STAT/(d.o.f.)°
() (cm?) @ (keV)
0-198 WXT (2.13 + 0.54) x 10* 1.99 + 0.18 79.73/83
0-62 - 191 + 030 8.84/14
62-80 - 1.85 £ 0.38 <114 24.86/20
80-103 WXT+GBM - 1.65 + 0.08 14.907798 (46.70+154.40) /205
103-128 WXT - 1.91 £ 0.23 <73 46.54/46
128-167 - 2.15 + 0.24 <0.9 44.16/51
167-198 - 348 £+ 0.37 <0.8 24.10/30
232-697 FXT <0.07 x 10% 329 + 0.07 62.13/53
3.75 x10°-6.30 x10° (0.56 + 0.45) x 107 2.18 + 0.15 24.79/33
1.54 x10°-1.41 x10° <1.11 x 10* 1734038 59.77/49

Notes. Dashes (-) in the Intrinsic Absorption column indicate that we use the same value as the result above. All error bars represent 1o uncertainties.

% An absorbed power-law model (zThAbs x TbAbs x PowerLaw) is used to fit the X-ray data, and the Galactic hydrogen column density is fixed with
Ny = 9.78 x 10*° cm™2 When GBM data are involved, PowerLaw is replaced by Cutoff — PowerLaw.

® The upper limits of Ep.. are derived from either the GBM upper limits or the WXT data and are independent of the fitting process. For further details, see

Section 3.1.2.

¢ We use PGSTAT for GBM data and CSTAT for EP/WXT and EP/FXT data.

Figure 2. The Sloan r/-band position of EP240801a with the field of view of
I x I' obtained by NOT/ALFOSC about 0.8 days after the discovery of
EP240801a. The location of the burst is circled in white, and the 10” error
circle of EP/FXT is in blue.

10*°cm 2 throughout this Letter as calculated by the UK
Swift Science Data Centre® using the method described in
R. Willingale et al. (2013). The third component is a simple

photon power law, with N(E) = K (%) F, where K is the
normalization of the spectrum and I' is the dimensionless
photon index of the power law. The cutoff power-law
model proves to be more suitable for the GBM spectrum and
the X-ray/gamma-ray joint fit of EP240801a, as its results
have a lower Bayesian information criterion (BIC; G. Schw-
arz 1978; A. R. Liddle 2007) value compared to the Band

models’. Thus, we used the cutoff power-law model N (E) =
-T
K (ﬁ) expfs%, where K is the normalization of the

 hitps: //www.swift.ac.uk /analysis /nhtot/

spectrum, I is the dimensionless photon index, and (2 — I")E,
represents the peak energy Epe, of the vF, spectrum,
to analyze the WXT and GBM data during the light blue
slice in Figure 1, assuming the Galactic absorption and
intrinsic absorption as derived from the EP/WXT analysis
before; see Figure 4. The fitting results and the corres-
ponding statistics for each time interval are listed in Table 1.
We used CSTAT (W. Cash 1979) for EP data and PGSTAT
(K. A. Arnaud 1996) for Fermi/GBM data.

For those time periods without GBM signals, we use the 30
upper limits from GBM data with a 16s timescale to
constrain Ep.,x. We assumed that the power-law model
evolves into a cutoff power-law model as the energy reaches
higher. In doing so, the photon index and normalization of the
cutoff power-law model are taken to be the same as those in
the original power-law model. Consequently, Ep..x can be
constrained with the nondetection results of GBM data. There
are certain time intervals, such as 0-62s and 128-198s,
where the GBM upper limits are too high to constrain Epca.
However, for the interval 128—-198 s, we can constrain Epe,k
using WXT data due to its softer spectral index. The soft
spectrum indicates that Ep,.. lies near or below 0.5 keV, the
lower energy bound of WXT. We performed spectral fitting
with an absorbed broken power-law model to better constrain
its peak energy. The low-energy photon index was fixed to be
1, a typical value for GRBs, while the intrinsic absorption and
Galactic absorption were fixed to those in WXT spectral
analysis before. Thus, a conservative upper limit can be
derived.

The fitting results in differential phases were used to obtain
the X-ray flux density at 1 keV, as shown in Section 3.2.1. The
spectral evolution of EP/WXT data, as illustrated in Figure 1,
indicates that the spectrum initially hardens and then softens,
with EP240801a being detected by Fermi/GBM at its hardest
stage. We find E, i, = (5.57703¢) x 105" erg in 1-10*keV in

the rest frame, Epca = 14. 907 % keV, and the fluence ratio

§(25-50 keV)/S (50100 keV) = 167*812 for EP240801a.
The parameters above are shown in Figures 5 and 6. As
described by T. Sakamoto et al. (2008), the empirical
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Figure 3. The spectrum obtained with GTC/OSIRIS+ (top panel) and Keck /LRIS (bottom panel). The gray line represents the raw spectrum, while the blue line has
been smoothed for display purposes. The identified metal absorption lines are indicated with vertical dashes, and the gray vertical bands indicate the locations of
telluric features. From the observed absorption lines, especially Mg II A\2796, 2803 and Fe 11 A2600, we determine z = 1.6734 + 0.0002 for EP240801a, assuming

the transient occurred in the host galaxy at that redshift.

= Cutoff Power-law model
GBM n6
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GBM n9
GBM nb
WXT

+++++ |
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Energy (keV)

Figure 4. The spectral joint fitting of EP/WXT and Fermi/GBM data during
the light blue slice in Figure 1. The black solid line represents the best-fit
absorbed cutoff power-law model, and the shadow is the lo uncertainty
interval, while the violet dashed—dotted line shows the individual cutoff
power-law model. The data from different detectors are marked as various
colors.

definitions of XRFs, XRRs, and C-GRBs are as follows:

S(25-50 keV)/S(50-100 keV) < 0.72 (C — GRBs),
0.72 < S(25-50 keV)/S(50—100 keV) < 132 (XRRs),
132 < §(25-50 keV)/S(50-100 keV)  (XRFs).
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1010049 1050 105T 1052 1053 105% 1055

Eiso (erg)
Figure 5. Amati diagram of EP240801a (cyan star); the blue and gray circles
represent other type I and type II GRBs, respectively. Another GRB detected

by EP, EP240315a, is marked as a purple star. GRB 221009A is marked as a
blue star.

Thus, EP240801a is classified as an XRF. Despite this
classification as an XRF, some ~100keV photons are
detected. The statistical properties of EP240801a are consis-
tent with the XRFs in the third Swift Burst Alert Telescope
catalog, as indicated in X. Bi et al. (2018), suggesting a greater
likelihood of association with a supernova explosion.
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Figure 6. The fluence ratio S(25-50 keV)/S(50-100 keV) of 1647 GRBs
recorded in the Fermi/GBM archive from 2008 to 2020; most of them are
C-GRBs due to the higher trigger threshold of Fermi/GBM for the soft events.
The red line represents the fluence ratio of EP240801a, and the shadow is the
1o uncertainty interval. The blue dashed lines represent the boundaries of
C-GRBs, XRRs, and XRFs described by T. Sakamoto et al. (2008).

3.2. Afterglow Emission
3.2.1. Light Curve

The X-ray, near-infrared (NIR), and optical data from
the prompt to afterglow phases are illustrated in Figure 7. The
EP/WXT and EP/FXT data during the prompt phase
are shown in the inset. The optical and NIR light curves
obtained from ~0.02 to ~13.78days include the u’, g’,
r', ', 7/, B, V, R, I, J, and H bands. The light curve in
the afterglow phase can be divided into two parts. The initial
data set comprises a seemingly shallow decay phase occurring
between ~1 and 9 ks. Its flux density exhibits a shallow decay
index o = 0.25 £ 0.05 for X-ray and R-band data, as derived
from a single power-law model F o ¢ %, and may imply
complex jet emission components, namely, a structured jet, a
reverse shock (RS) along with a forward shock (FS), or an
energy injection scenario. The light curve at later times
exhibits a normal decay with a = 0.95 &£ 0.03, as obtained by
fitting the r’-, R-, and X-ray-band data, which is consistent
with the predicted value of a ~ 1 from the standard external
FS model (B. Zhang 2018).

3.2.2. Afterglow Spectral Energy Distribution Analysis

A spectral energy distribution (SED) analysis enables a
deeper understanding of the afterglow evolution. We con-
ducted an SED analysis at ~70 ks, denoted by the light blue
region in Figure 7. The optical data in the Sloan g’, #/, i/, 7/
bands obtained from the Alhambra Faint Object
Spectrograph and Camera (ALFOSC) mounted on the 2.56 m
Nordic Optical Telescope (NOT) and the X-ray data deduced
from later times using the temporal decay index o = 0.95 were
used for the SED; see Figure 8. We fit the spectrum with a
power-law function from the zDust X TbAbs x TbAbs
X PowerLaw model in Xspec v12.14.0h, where zdust
represents extinction by dust grains in the host galaxy of the
burst and z7hAbs and TbAbs are, respectively, the intrinsic
hydrogen photoelectric absorption in the host galaxy and the
Milky Way. The redshift and the Galactic hydrogen column
density are fixed to 1.6734 and Ny = 9.78 X 102°cm 2,

Jiang et al.

respectively. For all three extinction laws (Milky Way, Large
Magellanic Cloud, or Small Magellanic Cloud), the E(B — V)
of the host galaxy cannot be accurately constrained and tends
toward zero under the optimal statistical conditions. The best-
fitting result gives the spectral index 8 = 0.69 £ 0.02 in the
optical to X-ray bands.

3.3. Host Galaxy

A faint source located at (J2000) R.A.=23"0039502,
decl. = +32°35'3745, which is ~0.56 away from the position
of EP240801a, was detected in archival observations in the
Legacy Surveys. According to the Legacy Surveys’ result, the
photometric redshift of this source is 0.99 + 0.35 (R. Zhou
et al. 2021). We calculated the chance alignment probability
that one source as bright as or brighter than this galaxy within
this offset is found in the GTC/HiPERCAM r’-band image.
We obtained P.pance = 0.002 for this galaxy. Hence, it is likely
that this is indeed the host galaxy of EP240801a. Photometry
of the host galaxy in the g’, #/, i/, 7/, J, Ks bands was
recently obtained from GTC, NOT, SAI-25, and the 8.2m
Very Large Telescope (VLT) as listed in Table Al. We took
the u’- and H-band last detections by GTC as the upper limits
of the host galaxy. We searched the catalogs and images in the
Galaxy Evolution Explorer (GALEX) All-Sky Survey and the
Wide-field Infrared Survey Explorer final catalog (AIWISE)
and calculated the 50 upper limits of these previous
observations from the known sources in their catalogs or
images to obtain the multiband photometry of the host galaxy.
To investigate the stellar population properties of the host, we
utilized Prospector (B. D. Johnson et al. 2021) to fit the
host photometry; see Figure 9. Consequently, we presented all
the observed data corrected for the host-galaxy contributions in
Figure 7. The magnitudes of the host galaxy and the details are
presented in Table 2 and Appendix C.

3.4. Closure Relations

For the time period we are interested in (the first few days),
the jet might enter the deceleration phase (R. Sari et al. 1998).
The temporal decay index o = 0.95 £ 0.03 and the spectral
index 0 = 0.69 £ 0.02 suggest that the frequencies of optical
and X-ray emissions may lie between the minimum injection
frequency v,, and the synchrotron cooling frequency v,
namely, v, < Voptical < VX-ray < Ve. According to the closure
relation (B. Zhang & P. Mészaros 2004; H. Gao et al. 2013),
the electron energy distribution index p is expected with
B=(@ — 1)/2. As p = 2.38 & 0.04 derived from 3, we have
the temporal decay index « in a self-similar deceleration phase
for v, < vm < v < v, and p > 2 with

5 ISM
F,,oc{t : (1)

3p—1 °

i Wind
This corresponds to oy = 1.035 =+ 0.03 and
Qwing = 1.535 4 0.03. Thus, the wind case is disfavored for
EP240801a. Nevertheless, the wind scenario remains plausi-
ble, especially if it evolves from an early wind-dominated
environment to a constant-density ISM environment
(R. A. Chevalier et al. 2004), as the time of the SED is at
the late-time phase.
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circles) data are presented with unabsorbed flux density at 1 keV and scaled by a factor of 100 in the main figure but not scaled in the inset. The inset shares the time
axis with the main figure. The optical /NIR data are in the AB system (J. B. Oke & J. E. Gunn 1983) and have been corrected for Galactic extinction, which is
E(B — V) =0.093 mag (E. F. Schlafly & D. P. Finkbeiner 2011), and the host-galaxy magnitude. All the inverted triangle symbols signify limits. The light blue slice
represents the time of the SED. Two gray slices represent the time of the GTC and the Keck optical spectrum, respectively. A violet dashed—dotted single power law

with o = 5.82 % 0.32 is depicted in both the main figure and the inset.
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Figure 8. The afterglow SED of EP240801a at 70 ks from optical to X-ray
frequencies. The optical multiband data are listed in Table Al. The violet line
represents the result of a single power-law fit with 3 = 0.69 + 0.02. The
dashed—dotted red line represents the X-ray fit.

4. Theoretical Interpretation and Discussion

As discussed in Section 3.2.1 and illustrated in Figure 7,
the afterglow light curve (X-ray, NIR, and optical) can be
divided into two parts: a shallow decay phase occurring
between ~1 and 9 ks with a = 0.25 £ 0.05 for X-ray and R-
band data and a normal decay at later times with
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Figure 9. SED of the host galaxy of EP240801a. The best-fit model SED is
shown by the red line. ypeyx means a standardized residual. The model
photometry results are marked as squares with their corresponding bands below,
and the observed data are indicated by black data points (black inverted triangles
represent upper limits). All the data are corrected for Galactic extinction.

a = 095 + 0.03 as obtained by fitting the r’-, R-, and
X-ray-band data. These distinct behaviors disfavor the
interpretation with a single FS model.



THE ASTROPHYSICAL JOURNAL LETTERS, 988:1L.34 (18pp), 2025 July 20

Table 2

Host-galaxy Magnitudes of EP240801a
Band Magnitude (AB) References
FUV >20.70 GALEX
NUV >21.40 GALEX
u >25.48 GTC
g 25.13 £ 0.11 GTC
r 24.40 + 0.19 NOT
i 24.46 £+ 0.20 NOT
z >24.60 GTC
J >21.80 SAI-25
H >21.52 GTC
Ks 22.12 £ 0.29 VLT
w1 >17.74 ANIWISE
w2 >16.28 ANIWISE
w3 >11.60 ANIWISE
w4 >8.63 ANIWISE
u 25.92 4+ 0.25 Prospector model results
z 24.03 + 0.25 Prospector model results
B 25.22 + 0.25 Prospector model results
Vv 24.86 + 0.25 Prospector model results
R 2471 4+ 0.25 Prospector model results
1 24.27 + 0.25 Prospector model results
H 22.64 + 0.25 Prospector model results

To understand the two different afterglow epochs of
EP240801a, we consider three models, i.e., a two-component
jet model, a reverse-forward shock model, and an FS model
with energy injection.

We employ the numerical code PyFRS’’ to calculate the RS
and FS emissions (H. Gao et al. 2013; B. Zhang 2018;
Z.-P. Zhu et al. 2023; S.-Y. Fu et al. 2024b; C. Zhou et al.
2024). We use the top-hat jet type in the modeling. Markov
Chain Monte Carlo (MCMC) with PyFRS is adopted for
multiband fitting to place constraints on the model parameters.
The MCMC fit is performed using the Python package
emcee (D. Foreman-Mackey et al. 2013), which utilizes a
group of parallel-tempered affine invariant walkers to explore
the parameter space. A general description of the afterglow
model and the details of the fitting are presented in
Appendix D. The best-fitting light curve and the posterior
probability distributions with 1o uncertainties of the para-
meters are illustrated in Figure 10 and listed in Table 3,
respectively. As we can see, all three models can generally
reproduce the multiband afterglow observations. We will
discuss the fit results in the following subsections.

4.1. Two-component Jet Model Fit

A two-component jet model can produce distinct behavior in
the afterglow light curve. In the fit, there are 14 free
parameters, and the narrow component and the wide comp-
onent are denoted with the subscripts “n” and “‘w,”
respectively. The specific meanings of the parameters are
shown in Appendix D. The best-fitting result and the posterior
probability distributions of the parameters are presented in
Table 3 and illustrated in Figures 10(a) and D1, respectively.

In this scenario, the early optical and X-ray afterglows are
dominated by the narrow jet, while the late afterglows are
dominated by the wide jet. As discussed in Section 3.4, it

70 https://github.com/leiwh/PyFRS /
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remains plausible for the wind environment. Therefore, we
tested both the ISM and the wind case. The wind scenario
provides a reasonable fit to the afterglow, with a BIC value of
—1909. Meanwhile, the best-fitting result of the ISM scenario,
as illustrated in Figure 10(a), yields a BIC value of —1918. It is
strong evidence with ABIC = 9 that the smaller one offers a
better fit to the data.

The narrow jet is strong, with Egp,, ~ 2.4 X 10> erg and
Ton = 1259. Typically, a normal GRB is expected. However,
our line of sight deviates slightly from the narrow jet beam,”’
and the prompt emission will be significantly suppressed due
to the strong Doppler beaming. To test this point, we consider
an off-axis observer at 1) relative to the edge of the jet; the
observed flux density could be expressed as (J. Granot et al.
2002; R. Yamazaki et al. 2003; W.-H. Lei et al. 2016; K. Ioka
& T. Nakamura 2018; G. P. Lamb & S. Kobayashi 2019;
P. Beniamini et al. 2023)

Ao 3 07 < Oops < 20,
Fy(, 1) ~ Fjay (0, aoret) (TO)2a; s Oobs > 26; (2)
Aot ; 0, <1,

where aof = Dogr/Don = (1 — 3))/(1 — Bjcosp) is the ratio
of the on-beam to the off-beam Doppler factor.

With the viewing angle 60, =~ 1.5, Lorentz factor
Fon ~ 1259, and opening angle 0;,, ~ 1.15° of the narrow
jet, we correct the gamma-ray energy E. ;5o and Ep, to the on-
axis situation by using (J. Granot et al. 2002, 2017; K. Ioka &
T. Nakamura 2018) E% /E®  ~ a2 and E;gk/E;’g‘ak R doff.

,iso/ ©=7,is0
One can derive the on-axis gamma-ray energy
Eio ~ 2.0 x 107 erg and the on-axis observed peak energy

ok ~ 895keV, and the peak energy in the rest frame is

2393keV with z=1.6734. Note that for “BOAT” GRB
221009A, the investigations also reveal a physical picture
involving two jet components, i.e., a narrow pencil-beam jet
and a broader jet wing (M. V. Barkov & A. S. Pozanenko
2011; B. O’Connor et al. 2023; L. Rhodes et al. 2024;
B. Zhang et al. 2024). The above on-axis EJ, and Eg, of
EP240801a are comparable to those of GRB 221009A
(1.5 £ 0.2) x 107erg and 1435 4+ 105keV in the rest
frame; Z.-H. An et al. 2023). Therefore, EP240801a could be
similar to GRB 221009A but viewed slightly off-axis. We are
observing the off-axis narrow beam emission, making
EP240801a an XRF, if the prompt emission is mainly
produced by the narrow jet.

Besides the narrow beam emission, the wide component
contains small values of the kinetic energy (Epw ~ 8.5 X
10°2 erg) and the initial Lorentz factor (I'g,, ~ 45). It is also
possible that the bright core is missed by the observer, and the
prompt emission of EP240801a is mainly produced by the
weak wide jet.

4.2. Forward-reverse Shock Model Fit

In a thin shell FS-RS model, a “rebrightening” feature (a
distinct RS peak and an FS peak) is expected in the optical
light curve (B. Zhang et al. 2003). We therefore also consider
this model to fit the afterglow of EP240801a.

! The beam angle is given by max (6, 1/T"). The narrow beam jet is viewed
off-axis if the observing angle Oy > max(6in, 1/Tp n).


https://github.com/leiwh/PyFRS/

THE ASTROPHYSICAL JOURNAL LETTERS, 988:1L.34 (18pp), 2025 July 20

—— 650MHz x le-0 —— R Xx le-6
—— 1260MHz x le-1 rx le-7
] x le-2 — V x le-8 M
1072 z x le-3 — gx1le9 )
I x le-4 —Bxlelo ———-_
ixle-5 —— 1lkeV x le-11 =7 -
—_ -5
= 10
£
>
= -8
o 10
C
[}
(m)
X
= 10-1
[T
10—14
10—17
102 103 104 10° 10° 107
Time (s)
(a)

Jiang et al.

—— 650MHz x 1e-0
—— 1260MHz x le-1
% 1le2

—— R x le-6
rxle7
— Vxle8

—— R x le-6
rxle-7
— Vx le8

—— 650MHz x le-0
—— 1260MHz x le-1
Jx le2

102

zx le-3
I x le-4
ixle5

v
— gx1le9

~—— B x le-10 -

— lkeV x le-ll :

z x le-3
I x le-4
ixle5

1072

— gx1le9
— Bx1lel0
—— 1lkeV x le-11

)
= =
o o
& &

Flux Density (m]y
o

10714

Flux Density (m])y)

=17
107762

Time (s)

(b)

—
o
&

-
o
&

10*11

10—14

(©)

Figure 10. Best-fit results using the PyFRS code with three models (solid lines). (a) A two-component jet model, containing a narrow, faster jet (dashed—dotted
lines) as well as a broad, slower jet (dashed lines). (b) FS-RS model. The contributions from the RS and FS are plotted with dashed lines and dashed—dotted lines,
respectively. (c) FS with energy injection (solid lines). The FS without energy injection is represented by the dashed—dotted lines.

There are 11 free parameters, and the FS and RS
components are denoted with the subscripts “f” and “r,”
respectively. The two EP/FXT data points at the end of the
steep decline cannot be reproduced with this model; we just set
them as upper limits in the afterglow fit in this case. The best-
fitting results are presented in Table 3 and illustrated in
Figure 10(b).

The FS-RS model fit result also implies that EP240801a is
observed off-axis (fyps &~ 10.5 versus 0; ~ 9°). In the same way
as done in Section 4.1, we correct the gamma-ray energy E. i,
and also Epe, to the on-axis situation. One can derive the on-
axis gamma-ray energy Ej, ~ 4.3 x 10 erg and the on-
axis observed peak energy Ejg ~ 412keV, appeared as a
bright type II GRB.
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A magnetically dominated jet does not provide an RS
(B. Zhang & S. Kobayashi 2005). If the early phase of the R-
band light curve is shaped by the FS-RS emission, then the RS
should not be strongly magnetized. Based on the fit with the
FS-RS model, we infer that the magnetic field strength ratio in
the RS and FS is Rg = B,/B; ~ 3.5. Such a mild Ry is
consistent with the forward-reverse shock interpretation.

4.3. Energy Injection Model Fit

The X-ray and optical shallow decay can also be interpreted
in the FS model with energy injection due to late-time central
engine activity. The best-fitting results are presented in Table 3
and illustrated in Figure 10(c).



I

Table 3
Parameters of Afterglow Modeling

Parameter Unit Prior Type Prior Results

Two-component Jet FS+RS Energy Injection

Narrow Wide FS RS

ng cm™? Log-uniform (1072, 10%] (2247820 x 1073 537139 8.1359
Bops deg Uniform [0.01, 45] 1504043 1051729 8.017343
E, erg Log-uniform [10°", 10°%] (2.4071%3%) x 10% (8.51F58h x 107 (1.58597%) x 10% (5.01739) x 107!
To 1 Log-uniform [1, 2000] 1258.93+439:32 446741422 199.53+493¢ 40.7475%
0, deg Uniform [0.01, 45] 1155033 5257140 9.0351 73 15734139
p 1 Uniform [2.01, 4.0] 2.28+501 243750 2055902 247937 2.3550%3
€ 1 Log-uniform [107% 0.5] (6.317)%2%) x 1072 (3.722988) x 10! (437780 x 1072 (3.397939) x 107! (3.89796%) x 107!
B 1 Log-uniform [107% 0.5] (2.571338Y x 1073 1.9173%) x 1073 (7417918 x 104 (9.33733%) x 1073 (1.38798%) x 10*
Lo ergs” Log-uniform [10%, 107 (1.387081) x 10%
1o s Log-uniform [10%, 104 977.24 11418
te s Log-uniform [10%, 107] 4897.791179213
q 1 Uniform [-2, 2] 0.11503

0z A Szoz ((ddg1) $€T1:886 ‘SYALLAT TVNINO[ TVOISAHIOVISY TH]J,
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We consider two popular models for the energy injection:
spin-down of a magnetar and fallback accretion onto a stellar
mass black hole. The characteristic spin-down luminosity L of
a magnetar is (B. Zhang & P. Mészaros 2001)

Lo= 1.0 x 10 (B2 5P *3R&) erg s, (3)
where B, ;s = B,/(10°G), Py_3 = Po/(10 > ms), and
R¢ = R/(10°cm). B, Py, and R are the magnetic field, spin
period, and radius of the magnetar.

For the black hole central engine model, late energy
injection is dominated by the Blandford—Znajek (BZ) mech-
anism (T. Liu et al. 2015; W.-H. Lei et al. 2017). The BZ

power can be rewritten as a function of mass accretion rate as
(W.-H. Lei et al. 2013)

a.zn'LsF(a.) -1
—_—  ergs ,
(1 + 1 —al)?

where rit_s = M /(1075M., s~') is the dimensionless accre-
tion rate, a. = J.c/(GM?) is the spin parameter of the black
hole, F(a.) = [(1 + ¢.)/4*1[(q, + 1/g,)arctang, — 1],

and ¢, = a./(1 + {1 — a?).

As we can see, both central engine models can give rise to
the energy injection required for typical values of the
parameters of the objects involved. The values of the jet
parameters are quite close to those of the wide jet of the two-
component jet model, i.e., kinetic energy E, ~ 10°* erg and
Lorentz factor I'j < 50, making it possible to produce an XRF
like EP240801a.

Lgz = 9.3 x 1048 (4)

5. Summary

In this Letter, we present comprehensive multiband
observations with the facilities mentioned in Appendix A of
EP240801a, an extremely soft GRB detected by EP. The
physical origin of such a burst is still unclear. Our rich data set,
especially the early X-ray and optical observations of
EP240801a, enable us to explore its nature.

Our conclusions are summarized as follows.

(1) We identified the redshift of EP240801a as
z = 1.6734 £ 0.0002 through the significant Mgl
doublet and Fe IT absorption lines that appear in the GTC
and Keck spectra, assuming the transient occurred in the
host galaxy at that redshift.

(2) We performed a joint fit for the prompt emission phase
with EP/WXT and Fermi/GBM data, deriving E. js,=
5.57703 x 105" erg, Epey = 14.907] 9 keV, and the
fluence ratio S(25-50 keV)/S(50-100 keV) = 1.67*37¢
for EP240801a. These values suggest that EP240801a is
an XRF.

(3) We fit the available host-galaxy photometry with
Prospector and use the best-fit model photometry
to subtract the contribution of the host galaxy from the
observed data.

(4) The R-band light curve shows a shallow phase followed
by a normal decay phase, suggesting that multiple
components are involved. Three models—a two-comp-
onent jet model, an FS-RS model, and a jet model with
energy injection—are employed to elucidate the multi-
band afterglow data.
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(i) The fit with the two-component jet model suggests an
off-axis narrow jet and a weak wide jet. We find that
EP240801a would be similar to the “BOAT” GRB
221009A if corrected to an on-axis view. Therefore,
the XRF EP240801a can be interpreted as the off-axis
narrow beam emission or the wide jet emission.

(i) The FS-RS modeling also suggests an off-axis jet. The
fit results for kinetic energy (Ey ~ 1.6 x 107 erg)
and initial Lorentz factor (I' ~ 200) are consistent with
a typical GRB. The modeling indicates that the RS /FS
magnetic field strength ratio is Rg = B,/B; ~ 3.5. Such
a mild Rg is also consistent with the forward-reverse
shock interpretation.

(iii) The energy injection model fit also involves a weak jet
as the wide jet in the two-component jet model. Both
the magnetar and the black hole central engine models
can explain the energy injection required for typical
values of the parameters. Therefore, EP240801a can
also be interpreted as an intrinsically weak GRB.

With early multiband observations, i.e., those conducted
earlier than 1 ks, we can obtain more information that helps us
to distinguish whether the event is due to an off-axis scenario,
an RS, or an intrinsically weak GRB.

Future EP detections might discover a number of XRFs like
EP240801a, which in turn would help to comprehend the
physics behind such events. Especially, the very early X-ray and
optical follow-ups would be crucial to distinguish between the
three origin models for EP240801a-like events, i.e., from a two-
component jet similar to GRB 221009A whose bright narrow
core is missed by the observer, an off-axis normal GRB, or a
faint GRB (e.g., due to inefficient jet breakout from the
progenitor star). These studies could be helpful in answering the
question of whether narrow beam GRBs like 221009A are
common.
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Appendix A
The Photometric Results

The information of all telescopes in Table Al is as follows:
the 0.76 m Katzman Automatic Imaging Telescope (KAIT;
located at Lick Observatory, California, United States); the 0.6
m robotic telescope of the Burst Observer and Optical
Transient Exploring System (BOOTES-7; located at San
Pedro de Atacama, Chile); the 1 m telescope at the Las
Cumbres Observatory (LCO; located at Siding Springs
Observatory, New South Wales, Australia); the 0.7 m
telescope of the TRT network (located at Sierra Remote
Observatories, California, United States); the 0.40 m SLT
(located at Lulin Observatory, Taiwan); the 2.4 m Gao-Mei-Gu
telescope (GMG; located at the Lijiang Observatory, Yunnan,
China); the 1.0 m JinShan 100C telescope (ALT/100C;
located at Altay Observatory, Xinjiang, China); the 1.5 m
AZT-22 telescope of Maidanak Astrophysical Observatory
(located at Qashgadaryo Viloyati, Uzbekistan); the 2.6 m ZTSh
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Table Al
The Photometric Results of Our Observations Combined with Collected GCN
Results
AT Band Magnitude® Telescope Reference
(days) (AB) Inst.

0.0169 Clear  19.89 + 0.07 KAIT This work
0.0225 Clear  20.04 + 0.06 KAIT This work
0.0301 Clear  20.16 + 0.06 KAIT This work
0.0331 Clear > 19.80 BOOTES-7 This work
0.0384 Clear  20.28 + 0.09 KAIT This work
0.0600 r 20.61 + 0.08 LCO This work
0.0635 Clear  20.21 + 0.08 KAIT This work
0.0801 Clear  20.29 4+ 0.09 KAIT This work
0.0941 R 20.43 + 0.17 TRT This work

0.1940 r 20.90 + 0.30 SLT GCN 37002 (A. Aryan
et al. 2024)
0.2818 r 21.17 £ 0.11 SLT This work
0.3077 R 21.00 + 0.12 GMG This work

0.3204 g 21.43 +0.20 LCO GCN 37007 (1. Pérez-

-Fournon et al. 2024)
0.3604 g 21.78 £ 0.07  ALT/100C This work
0.4012 r 21.52 £ 0.07 ALT/100C This work
0.4120 r 21.36 + 0.15 SLT This work
0.4445 i 21.25 +£0.09  ALT/100C This work
0.4649 R 21.33 + 0.04 AZT-22 This work
0.4839 R 21.33 + 0.03 ZTSh This work
0.4928 R >21.00 AS-32 This work
0.5044 z >20.70 ALT/100C This work
0.5058 R 21.25 + 0.02 ZTSh This work
0.5276 R 21.39 + 0.02 ZTSh This work
0.5687 r 21.70 + 0.03 NOT This work
0.5852 R 21.45 + 0.02 ZTSh This work
0.6071 R 21.46 + 0.02 ZTSh This work
0.6289 R 21.46 + 0.02 ZTSh This work
0.6383 R 21.50 + 0.10 Z-1000 This work
0.6563 R 21.56 + 0.02 ZTSh This work
0.7898 r 21.98 + 0.05 GTC This work
0.7911 g 22.28 + 0.04 NOT This work
0.8019 r 21.89 + 0.04 NOT This work
0.8135 i 21.73 + 0.04 NOT This work
0.8363 z 21.69 + 0.09 NOT This work
1.3209 g 2278 £ 0.13  ALT/100C This work
1.3730 r 2234 +£0.10 ALT/100C This work
1.4155 i 2228 +0.18  ALT/100C This work
1.4935 R 22.26 + 0.08 ZTSh This work
1.5038 R 22.20 + 0.15 Z-1000 This work
1.5155 R 22.12 + 0.07 ZTSh This work
1.5374 R 22.09 + 0.07 ZTSh This work
1.5620 R 22.18 + 0.08 ZTSh This work
1.7225 r 2244 + 0.04 NOT This work
2.4565 R 22.51 +0.12 ZTSh This work
2.4937 R 22.72 + 0.1 AZT-22 This work
2.6284 B 23.90 + 0.08 BTA This work
2.6287 1 22.15 + 0.07 BTA This work
2.6287 R 22.80 + 0.05 BTA This work
2.6290 Vv 23.08 + 0.06 BTA This work
2.7656 r 23.03 + 0.07 NOT This work
3.3305 r 2296 £ 0.16  ALT/100C This work
3.3733 r 23.17 £ 0.11 AZT-20 This work
3.4843 Vv 23.36 + 0.07 BTA This work
3.4852 R 22.99 + 0.04 BTA This work
3.7278 r 2342 +0.13 NOT This work
4.5923 R 23.11 + 0.05 BTA This work
4.5924 1 23.09 + 0.15 BTA This work
4.5925 B 24.21 + 0.10 BTA This work
4.5925 Vv 23.59 + 0.10 BTA This work
5.7072 r 23.63 + 0.08 NOT This work
6.4371 r 23.62 + 0.21 AZT-20 This work



THE ASTROPHYSICAL JOURNAL LETTERS, 988:1L.34 (18pp), 2025 July 20

Table Al
(Continued)

AT Band Magnitude® Telescope Reference
(days) (AB) Inst.

6.4555 R 23.35 £ 0.22 AZT-22 This work
7.4579 r 23.69 + 0.17 AZT-20 This work
7.6233 J >21.80 SAI-25 This work
7.7625 R >24.03 AZT-22 This work
8.7252 u 25.48 + 0.09 GTC This work
8.7252 g 24.54 + 0.03 GTC This work
8.7252 r 24.09 + 0.04 GTC This work
8.7252 i 24.01 + 0.06 GTC This work
8.7252 z 23.72 + 0.09 GTC This work
8.7595 H 21.52 +0.20 GTC This work
9.7213 r 23.96 + 0.12 NOT This work
13.7801 r 24.07 + 0.22 NOT This work
21.5166 650 >75 GMRT GCN 37468 (A. Balas-

MHz ubramanian et al.
2024)
21.5166 1260 >52 GMRT GCN 37468 (A. Balas-
MHz ubramanian et al.
2024)

26.8144° g 25.13 £ 0.11 GTC This work
26.8144° r 24.42 + 0.09 GTC This work
26.8144° i 24.53 + 0.16 GTC This work
26.8144° z 25.13 + 0.28 GTC This work
26.8148 u >24.03 GTC This work
30.6745° r 24.40 £+ 0.19 NOT This work
37.6434° i 24.46 + 0.20 NOT This work
53.7992 Ks >21.10 GTC This work
59.7570° Ks 22.12 + 0.29 VLT This work

Notes. AT is the exposure median time after 7. Magnitudes in the AB system
(J. B. Oke & J. E. Gunn 1983) are not corrected for Galactic extinction, which
is E(B — V) = 0.093 (E. F. Schlafly & D. P. Finkbeiner 2011).

% We calibrated the magnitudes of the KAIT Clear band with the R-band
reference star magnitudes, as its effective wavelength is roughly R. For radio
observations, the flux density unit is pJy. The errors are statistical only.

® For these observations, they are mostly attributed to the host-galaxy flux;
therefore, we take them as host-galaxy magnitudes.

telescope of the Crimean Astrophysical Observatory (located in
Crimea); the 0.7 m AS-32 telescope of the Abastumani
Observatory (located at Abastumani-Kanobili, Georgia); the
256 m NOT (located at the Roque de los Muchachos
Observatory, La Palma, Spain); the 1 m ZEISS-1000 telescope
(Z-1000; located at the Special Astrophysical Observatory,
Karachay-Cherkessia, Russia); the 10.4 m GTC (Roque de los
Muchacos Observatory, La Palma, Spain); the 10 m Keck I
telescope (located at Maunakea, Hawaii, United States); the 6 m
BTA telescope (located at the Special Astrophysical Observatory,
Karachay-Cherkessia, Russia); the 1.5 m AZT-20 telescope of
Assy-Turgen Observatory (located at Almaty, Kazakhstan); the
2.5 m SAI-25 alt-azimuth reflector at the Caucasian Mountain
Observatory of the Sternberg Astronomical Institute (located at
Karachay-Cherkessia, Russia), and the 8.2 m VLT (located at
Paranal Observatory, Antofagasta Region, Chile).

Appendix B
Optical Photometry and Spectroscopy

After standard data reduction with IRAF (D. Tody 1986),
the HiPERCAM pipeline, and the pyEMIR pipeline and
astrometric calibration by Astrometry.net (D. Lang et al.
2010), the optical photometry was calibrated with the Legacy
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Surveys Data Release 10 (A. Dey et al. 2019) and the Sloan
Digital Sky Survey Data Release 18 (A. Almeida et al. 2023),
while the NIR data were calibrated with the Two Micron All
Sky Survey catalog (M. F. Skrutskie et al. 2006). The
photometry in the Johnson—Cousin filters were calibrated with
the converted magnitude from the Sloan system’> for the
nearby reference stars. It should be noted that there may be an
additional systematic error for the differential photometry of
the u’, H, Ks bands, as the catalogs are significantly
shallower than the target.

The OSIRIS+ observations utilized the 1” wide slit oriented
along the parallactic angle and the R1000R grism, which has a
coverage of 5100-10000 A. The data reduction followed bias
subtraction and flat-field correction using the standard PyRAF
tasks (Science Software Branch at STScl 2012) and cosmic-
ray correction with the LACosmic task (P. G. van
Dokkum 2001).

For Keck/LRIS, the spectrum was acquired with the slit
oriented near the parallactic angle to minimize slit losses
caused by atmospheric dispersion (A. V. Filippenko 1982).
The LRIS observations utilized the 1” wide slit, 600/4000
grism, and 400/8500 grating, which produced a spectral
coverage of 3140-10270 A. Data reduction followed standard
techniques for CCD processing and spectrum extraction using
the LPipe data reduction pipeline (D. A. Perley 2019). Low-
order polynomial fits to comparison-lamp spectra were used to
calibrate the wavelength scale, and small adjustments derived
from night-sky lines in the target frames were applied. The
spectrum was flux calibrated using observations of appropriate
spectrophotometric standard stars observed on the same night,
at similar air masses, and with an identical instrument
configuration; these standard-star spectra were also used to
remove telluric absorption.

Appendix C
Host Galaxy

For the chance alignment probability, we determined the
number density of sources brighter than or as bright as the
galaxy in a region of 60” x 60" centered around EP240801a.
Then, assuming Poisson statistics, we calculated that the
chance alignment for this galaxy is Pcpance = 0.002.

Prospector is software for SED fitting to constrain the
host-galaxy properties. The parametric sfh template in
Flexible Stellar Population Synthesis
(C. Conroy et al. 2009; C. Conroy & J. E. Gunn 2010) was
used, and the redshift is fixed to 1.6734. The extinction of the
host galaxy is assumed to be consistent with the Milky Way
extinction law. The model photometry results in the
u', 7/, B, V, R, I, H bands were adopted to correct the
contribution of the host galaxy for the optical data of
EP240801a in those bands, and we adopted the rms error as
their error.

Appendix D
Afterglow Model and the Fitting

The closure relation analysis for EP240801a prefers an ISM
environment (a constant external medium). We thus consider a
relativistic shell with energy E, initial bulk Lorentz factor I,
and opening angle 6; advancing in an ISM. A pair of shocks

72 https:/ /www.sdss4.org/dr12 /algorithms /sdssUBVRITransform/
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will be produced (M. J. Rees & P. Meszaros 1992; P. Mészaros
& M. J. Rees 1997; R. Sari et al. 1998; S. Kobayashi et al.
1999; R. Sari & T. Piran 1999; Y. C. Zou et al. 2005;
G. P. Lamb et al. 2019): an FS (propagating into the external
medium) and an RS (propagating into the shell). There are four
regions separated by the two shocks: region 1, the ISM with
density n;; region 2, the shocked medium; region 3, the
shocked shell material; and region 4, the unshocked shell
material with density ny.

For the FS, the dynamics are described with four phases: the
coasting phase (the Lorentz factor is nearly constant, I' ~ I'y),
the deceleration phase (the shell starts to decelerate when the
mass of the medium swept by the FS is about 1/T' of the rest
mass in the ejecta), the post-jet-break phase (when the 1/T°
cone becomes larger than 6;), and the Newtonian phase (when
the rest-mass energy of the swept-up medium becomes
comparable to the energy of the ejecta). The overall evolution
of the shell, covering the above four phases, is determined by
(Y. F. Huang et al. 2000)73

il_R = Bicl' (T + VT2 — 1), (D1)
t
dm 5
i 27R*(1 — cos O)nmy, (D2)
2 _
ar T2 1 D3

dm Mg+ 2Tm’

where R is the radius of the event in the burst frame, ¢ is the
observer time, m is the swept-up mass, M; = Eo(1 — cos6;)/
2(I; — 1)c? is the ejecta mass, my is the proton mass,

and ;= V1 — "2,

If there is energy injection from the GRB central engine,
Equation (D3) should be replaced by (J. J. Geng et al. 2013)

1-8
]_"2 -1 - Tcstinde/dm

— = . (D4)
Mej + 2I'm

ar _
dm

During the injection time, fy, < f < feng, the injected
luminosity is Linj = Li%(t/tsar) ™%, where L{); is the initial
injection power, ¢ is the decay power-law index, and ., and
fena are, respectively, the start and end time for energy
injection.

We assume that a constant fraction €, of the FS energy e, =
4F2n1mpc2 is deposited into electrons, accelerating them to a
power-law distribution N (v,) oc y,”. This defines the minimum

injected electron Lorentz factor, v = p—:?fe T - 1):—", where
me is the electron mass. A fraction eg of the shock energy
resides in the magnetic field with B = (327m, egng)'/?c. The
critical electron Lorentz factor . = (6mmcc)/ (LorB?0) is given

by setting the electron’s lifetime equal to the time ¢, and

& Equation (D3) is an approximate description of the blast-wave dynamics. A
rigorous treatment after correctly describing the internal energy, adiabatic loss,
and total energy should be (L. Nava et al. 2013; B. Zhang 2018)

dUpd
dr

ar @+ DO = DR+ T

dR
dR (M + m)c> + UL

where T = (4T2 — 4 + 1)/T, U is the internal energy in the comoving
frame, and dU,q is the adiabatic loss. This equation can be reduced to
Equation (D3) by adopting ¥ = 1 (neglectin% the pressure term), dUyq/dR = 0
(neglecting adiabatic loss), U = (I' — 1)mc”, and Iy ~ AT (for I' > 1).
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electrons with v, > <. will be significantly cooled due to
synchrotron radiation.

Combining the radiative cooling and the continuous
injection of new accelerated electrons, coupled with the
synchrotron self-absorption effect, leads to a broken power-
law spectrum. This spectrum is segmented into several
sections based on three characteristic frequencies (R. Sari
et al. 1998; R. A. Chevalier & Z.-Y. Li 2000; J. Granot &
R. Sari 2002; S. Kobayashi & B. Zhang 2003; X. F. Wu et al.
2003; Y. C. Zou et al. 2005; H. J. Van Eerten &
R. A. M. J. Wijers 2009; H. Gao et al. 2013; B. Zhang 2018):
Vn, (defined by 7y,), V. (defined by ~.), and v, (characterized by
synchrotron self-absorption).

Considering the contribution of the RS, a “rebrightening”
feature (a distinct RS peak and an FS peak) is expected in the
optical light curve (B. Zhang et al. 2003) for a thin shell
interacting with a constant-density ISM. Therefore, the optical
afterglow behavior (R band) of EP24080la can also be
explained with the thin-shell forward-reverse shock (FS-RS)
model.

In the thin-shell case, the RS is Newtonian during the shock-
crossing phase (S. Kobayashi 2000; B. Zhang et al. 2003). The
scalings before the RS crossing time 74.. are (S. Kobayashi
2000)

ny & 71’!11_%(1‘/tdec)_3’
Ne,3 ~ No(t/tdec)3/2’

73 ~ T,
ez~ AT mmyc?, (D5)
where Ny = M,; /mp is the total number of electrons in the
ejecta.

After the RS crosses the shell, the shell expands adiabati-
cally in the shell’s comoving frame, and the jet enters the
deceleration phase. The dynamical behavior in region 3 is
expressed with the scalings (S. Kobayashi 2000; H. Gao et al.
2013; B. Zhang 2018)

ot 25, myoct 7, ez t87, Nyz=N, (D6)

In the same way as in the FS, we also assume that electrons
are accelerated at the RS front to a power-law distribution, and
a fraction of the RS energy e; is distributed into electrons and a
fraction to the magnetic field in region 3. The spectrum is also
segmented into a broken power law by vy, v., and v,.

In our MCMC fitting with PyFRS, we set the walkers as
tenfold the number of free parameters (i.e., 140 for the two-
component jet model, see its result in Figure D1) running
30,000 steps and discarded the first 15,000 steps as burn-in to
explore the parameter space. The early steep decay phase at
several 100 s, as observed by EP/FXT, is not included in the
afterglow fit, as these data are likely dominated by the prompt
emission. However, the two data points at the end of the steep
decline deviate from the single power-law fit to these data
(v ~ 5.82 £ 0.32) and are thus considered in the afterglow fit.
The model photometric results of the host galaxy in the «’ and
H bands may have an additional systematic error, given that
their wavelengths are located at the edges of the fitting data.
Thus, the u/- and H-band data are excluded from the fit due to
their potential systematic errors, whether arising from the
differential photometry or from the host-galaxy model
photometric results. In the MCMC fitting, we have common
free parameters like the isotropic kinetic energies Ey, the initial
Lorentz factors Iy, the jet opening angles 0}, the viewing angle
Oops> the number density of the ISM n; (n,g in the PyFRS code,
defined as the density at R = 10'8 cm), the electron distribution
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Figure D1. Posterior probability distributions of the afterglow parameters were obtained using the two-component jet modeling of EP240801a. The median values

with the 1o regions are shown in the 1D probability distribution.

power-law indices p, the energy fractions in electrons €., and
the energy fractions in the magnetic field eg. For the two-
component jet model, there are two distinct components: a
narrow component and a wide component. Each of these
components has its own set of parameters, including Ey, L', 0;
D, €, and eg. In contrast to the FS, the RS has its own values of
D, €, and eg. For the energy injection model, we have four
more parameters: the luminosity Ly, power-law index ¢, start
time ¢y, and end time ¢,.

We tested the wind scenario as well; the wind model fails to
explain the behavior of the optical and X-ray data between 1
and 10 ks using the forward-reverse shock model and energy
injection model. It provides a reasonable fit with the structured
jet model.
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