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ABSTRACT

Early X-ray emission of gamma-ray bursts (GRBs) traces the transition between the prompt emission and the afterglow radiation, and
its rapid flux decline is often interpreted as the tail of the prompt emission. As such, the early X-ray radiation can offer insights into the
emission mechanisms active during the prompt emission and the physics of GRB jets. In this work, we focus on merger-driven GRBs,
which are sources of gravitational waves (GWs) detectable by ground-based interferometers, such as LIGO, Virgo, and KAGRA. We
present a systematic analysis of the early X-ray emission (t < 10%s) of a sample of 16 merger-driven GRB candidates detected by
the Neil Gehrels Swift Observatory. We performed a time-resolved spectral analysis of soft and hard X-ray data (0.3—150keV) by
fitting two curved spectral models to the spectra: a physical synchrotron model and an empirical smoothly broken power-law model.
We characterized the evolution of the peak energy and bolometric flux and derived the intrinsic properties of the ten bursts with
measured redshift. We discovered a tight correlation between the rest-frame peak energy of the spectra and the isotropic-equivalent
luminosity. Specifically, we obtained v, o Lgﬁfgio‘m) when adopting the synchrotron model and E,, ; o L;E:giom) when adopting the
smoothly broken power law. Both relations were extrapolated to the typical prompt emission energies and adequately describe the
properties of short GRBs detected in the MeV gamma rays. These results suggest a common origin for the prompt and steep-decay
emissions in merger-driven GRBs and rule out high-latitude emission as the dominant process shaping the early X-ray tails. Finally,
we assessed the detectability of these sources with the Wide-field X-ray Telescope on board the Einstein Probe mission, and we discuss
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the implications for targeted GW searches in temporal and spatial coincidence with X-ray transients.
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1. Introduction

Gamma-ray bursts (GRBs) are the most luminous transient
sources observed in the Universe. Their radiation is char-
acterized by a short-lived, highly variable prompt emission
phase, typically peaking in the MeV energy range, fol-
lowed by a long-lasting multiwavelength afterglow. Observa-
tions have established their extragalactic origin and shown
that they are powered by ultra-relativistic collimated jets
(see Salafia & Ghirlanda 2022, for a review). The prompt
emission arises from internal dissipation of the jet energy
(Rees & Meszaros 1994; Sari & Piran 1997), although the dis-
sipation and radiation mechanisms remain poorly understood.
The afterglow is powered by synchrotron and synchrotron self-
Compton radiation from nonthermal particles, accelerated by the
forward shock as the jet interacts with the circumburst medium
(Paczynski & Rhoads 1993; Mészdros & Rees 1997; Sari et al.
1998; Sari & Esin 2001).

The indication of a distinct class of short-duration GRBs was
first suggested by Mazets et al. (1981). Later, a statistical analy-
sis of the properties of GRBs detected by the Burst and Transient
Source Experiment (BATSE) revealed a clear bimodality in both
the duration, measured in the 50-300keV energy range, and

* Corresponding author: annarita.ierardi@gssi.it

the spectral hardness of the prompt emission (Kouveliotou et al.
1993). This bimodal distribution provided evidence of the exis-
tence of two distinct classes of GRBs, pointing to different
progenitor systems. Historically, long—soft GRBs (T9y > 25)
have been associated with the core collapse of massive stars
(Woosley 1993; Woosley & Bloom 2006), while short-hard
GRBs (Tyy < 2s) have been thought to originate from mergers
of compact objects (Blinnikov et al. 1984; Eichler et al. 1989;
Narayan et al. 1992; Mochkovitch et al. 1993; Nakar 2007).
The joint detection of gravitational waves (GWs) and a short
MeV burst from a binary neutron star (BNS) merger in 2017
(Abbott et al. 2017a,b; Goldstein et al. 2017; Savchenko et al.
2017; Abbottet al. 2017c) provided firm evidence that BNS
mergers are progenitors of some short GRBs, establishing
merger-driven GRBs as promising multi-messenger sources.
However, the duration-progenitor dichotomy has shown
some limitations (e.g., Zhangetal. 2009; Bromberg et al.
2013), as some GRBs with prompt emission lasting tens
of seconds exhibit features consistent with merger progen-
itors. Notably, GRB 211211A (Rastinejad et al. 2022) and
GRB 230307A (Levan et al. 2024) were associated with kilo-
nova (KN) detection, while GRB 060614 showed deep lim-
its on supernova (SN) non-detection (Gehrels etal. 2006;
Della Valle et al. 2006; Gal-Yam et al. 2006) and an associated
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KN candidate (Yang etal. 2015). Other long GRBs lacking
an SN detection are GRB 060505 (Fynbo et al. 2006), GRB
111005A (Tangaetal. 2018; Michatowskl et al. 2018), and
GRB 191019A (Levan et al. 2023).

Thanks to the accurate localization and the automatic, rapid
repointing capabilities of the Neil Gehrels Swift Observatory
(hereafter Swift; Gehrels et al. 2004), the afterglow radiation of
short GRBs has been systematically detected and monitored in
X-rays in the past 20 years, enabling electromagnetic follow-
up in the optical and radio bands. This emission is intrinsically
fainter compared to long GRBs, owing to the lower energy bud-
get of the explosion and the lower density of the circumburst
medium. The late-time (1 > 107 s) afterglow emission of short
GRBs has been studied in detail by Fong et al. (2015, 2022),
who characterized burst energetics, circumburst densities, and
host-galaxy properties.

The early X-ray radiation bridging the prompt emis-
sion and the late afterglow has also been investigated (e.g.,
Rowlinson et al. 2013; Gompertz et al. 2013, 2014), but the
studies have done so focused primarily on the X-ray light
curve morphology. In short GRBs, the brief, hard pulse can
be followed by a softer extended emission (EE) lasting up
to ~10%s (Burenin 2000; Lazzati et al. 2001; Montanari et al.
2005; Norris & Bonnell 2006; Norris et al. 2010), which then
transitions into a steep decay characterized by rapid flux decline
and fast spectral evolution within ~103s (Zhang et al. 2007).
This early X-ray emission (t < 10°s) is generally interpreted
as the tail of the prompt emission phase (see Zhang et al. 2006
for a review), and it can therefore provide key insights into jet
physics and emission mechanisms, which are still poorly under-
stood. Moreover, this emission is longer and softer than the
prompt, yet brighter than the late afterglow, making it an ideal
target for current and next-generation wide-field X-ray moni-
tors, such as the Wide-field X-ray Telescope on board the Einstein
Probe (EP) mission (WXT; 0.5—-4keV; Yuan et al. 2022). After
almost two years of operations, EP has detected one X-ray tran-
sient identified as a merger-driven candidate (Jonker et al. 2026;
Becerra et al. 2026).

The steep decay phase has been extensively studied in long
GRBs (e.g., O’Brien et al. 2006), where the larger number of
events and the rapid slewing of Swift often allow for a direct
connection between the last prompt emission pulse, detected by
the Burst Alert Telescope (BAT; 15-150keV; Barthelmy et al.
2005), and the onset of the steep decline, detected by the X-Ray
Telescope (XRT; 0.3—10keV; Burrows et al. 2005). Neverthe-
less, its physical origin is still debated, with proposed explana-
tions including high-latitude emission (e.g., Nousek et al. 2006),
adiabatic cooling (e.g., Ronchini et al. 2021), and a rapid decline
of the central engine power (e.g., Barniol Duran & Kumar
2009). In short GRBs, this phase is largely unexplored, as the
emission is generally dimmer than in long GRBs, and the sample
of events is limited. However, the intrinsically fainter afterglows
of short GRBs make it possible to follow the steep decay phase
over longer timescales, enabling a more extended characteriza-
tion of this emission.

In the multi-messenger context, detecting the early X-ray
emission is particularly important for addressing one of the
major observational challenges: achieving accurate and rapid
localization of the event. This capability is crucial to enabling
follow-up observations with more sensitive narrow field-of-
view instruments, such as ground-based optical telescopes.
MeV detectors, such as the Gamma-ray Burst Monitor on
board the Fermi satellite (GBM; 8 keV-40 MeV; Meegan et al.
2009), are all-sky monitors and thus well suited for detecting
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GRBs. However, their localization accuracy is relatively poor
(10—-100 deg?), which often prevents effective electromagnetic
follow-up. X-ray detectors can help overcome this limitation by
combining a wide field of view (on the order of several thousand
square degrees) with arc-minute localization. In the hard X-ray
band, this is achieved with coded-mask detectors, such as BAT
(15—-150keV). In the soft X-ray band, arc-minute localization
is enabled by lobster-eye optics (Angel 1979), which have been
successfully implemented in WXT (0.5—-4 keV).

Understanding the early X-ray emission of short GRBs is
also relevant for GW searches that aim to identify signals in tem-
poral and spatial coincidence with X-ray transients. Such analy-
ses use GRBs as an external trigger and search for a GW signal in
a narrow time window of 6 seconds around the MeV burst time.
This targeted approach significantly improves the sensitivity of
GW searches (Harry & Fairhurst 2011; Williamson et al. 2014,
Abbott et al. 2021, 2022). However, in the case of X-ray coun-
terparts, the signal can last longer, and the X-ray trigger may
occur later than the prompt gamma-ray emission, which is typ-
ically assumed to be nearly simultaneous with the GW signal.
Therefore, optimizing the time window for GW searches based
on the properties of the early X-ray emission is essential.

In this work, we perform a systematic analysis of the tempo-
ral and spectral evolution of the early X-ray emission (t < 10%s)
of merger-driven GRB candidates, exploiting 20 years of Swift
data. We propose a new treatment for time-resolved spectral
analysis of this phase, which experiences a fast spectral evo-
lution. Unlike previous studies, we model both the soft X-ray
observations by XRT (0.3—10keV) and the hard X-ray observa-
tions by BAT (15-150keV), assuming a peaked spectral shape.
We compare the intrinsic properties of the early X-ray emis-
sion with known spectral-energy correlations (Amati et al. 2002;
Yonetoku et al. 2004; Ghirlanda et al. 2004; Mei et al. 2025),
finding a tight correlation between the spectral peak energy and
the isotropic equivalent luminosity among the bursts in our sam-
ple. We also assess the detectability of this emission with current
wide-field X-ray monitors, such as EP-WXT, and provide strate-
gies to optimize triggered GW searches.

This work is structured as follows. In Section 2, we first
describe our GRB sample and the selection criteria, then explain
the XRT and BAT data extraction and spectral analysis proce-
dures. In Section 3, we present the main results of our time-
resolved spectral analysis and illustrate the intrinsic properties
of the early X-ray emission of the bursts in our sample. We also
discuss the detectability of these sources with wide-field X-ray
monitors. In Section 4, we interpret our findings and compute
detection rates with EP-WXT. Finally, we summarize our results
in Section 5. Throughout this work, we assume a standard cos-
mology with Hy = 67.7km s~ Mpc™!, Q,, = 0.3, and Q5 = 0.7.

2. Methods
2.1. Sample selection

We started from the Swift-BAT (15-150keV) catalog‘, which
comprises 1589 GRBs detected up to the end of 2023. We first
selected all short-lasting GRBs (Tg(j*T < 2s) as well as all GRBs
classified as short with EE. We also included in our sample two
events that likely originated from compact binary mergers: GRB
060614, a SN-less long GRB, and GRB 211211A, a long GRB
with KN association. This initial selection comprises 163 GRBs,
corresponding to approximately 10% of all BAT-detected GRBs.

I https://swift.gsfc.nasa.gov/results/batgrbcat/
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Table 1. List of GRBs in our sample.

GRB Tg(f*T [s] Tfﬁge [s] TS)BM [s] Classification z
050724 98+9 0.512 - short GRB + EE 0.258
060614 109 £ 3 - SN-less long GRB  0.125
070714B 66 + 10 1.984 - short GRB + EE 0.92
080123 115+55 0.064 - short GRB + EE 0.495
080503 176 + 48 0.448 - short GRB + EE -
100117A  0.29 +£0.03 <1.1 short GRB 0.92
100702A  0.51 +0.14 - short GRB -
111121A 113 +20 0.704 - short GRB + EE -
120305A 0.10+0.01 - short GRB 0.225
150301A 0.48 +0.14 0.4+03 short GRB -
150424A 81 +17 0.576 - short GRB + EE -
160821B  0.50 + 0.07 1.1+£1.0 short GRB 0.16
180805B 122 + 18 0.832 1.0+ 0.6 short GRB + EE 0.661
200219A 81 +10 0.640 1.2+1.0 short GRB + EE 0.48
211211A  50.7+09 343+0.6 long GRB with KN 0.0763
211227A 84 +8 1.856 - short GRB + EE -

Among these, Swift-XRT (0.3—10keV) was able to slew to the
source and detect the soft X-ray counterpart for 114 GRBs. Since
we focused on the early X-ray emission, we further selected
GRBs detected by XRT within 10* s from the BAT trigger, result-
ing in 111 GRBs. To ensure sufficient statistics for time-resolved
spectral analysis, we restricted our sample to GRBs with a cumu-
lative number of XRT counts larger than 1500 within the first
10° s, yielding 23 GRBs. Finally, after excluding two bursts
affected by flaring activity, we required a clear hard-to-soft spec-
tral evolution in order to minimize possible afterglow contamina-
tion, identified through the evolution of the XRT hardness ratio.
This is defined as the ratio of high-energy (1.51-10keV) to low-
energy (0.3—1.5keV) photon counts. Specifically, we performed
a linear fit of the XRT hardness ratio as a function of the loga-
rithm of time in the first 10% s and selected GRBs exhibiting a
slope steeper than —0.5.

Our final sample consists of 16 merger-driven GRB candi-
dates, ten of which have a measured redshift (taken from this
GRB catalog?). We list them in Table 1 together with TS
(computed in the 15-150keV energy range), their classification,
and their redshift. For short GRBs with EE, we also report the
duration of the initial spike, T;Efe' This is measured by visu-
ally selecting the corresponding time interval from the BAT
count-rate light curve, binned using the Bayesian block algo-
rithm (Scargle 1998) applied to the 64 ms light curve. For events
jointly detected with Fermi-GBM, we also report, for compar-
ison, TGBM (computed in the 50-300keV energy range). In
Fig. 1, we show the XRT light curves of the bursts in our sample
compared to the population of the other short GRBs.

2.2. Data extraction

We collected the XRT and BAT light curves from the burst
analyser web tool provided by the Swift Science Data Centre
(Evans et al. 2010). We identified the steep decay time interval
to be analyzed by visual inspection of the XRT hardness ratio,
selecting the time window where it exhibited a clear hard-to-soft
evolution. In Fig. 2 (left panel), we show, as an example, the BAT
and XRT observations selected for GRB 211211A.

2 https://www.mpe.mpg.de/~jcg/grbgen.html

To perform the time-resolved spectral analysis of the steep
decay phase, we rebinned the XRT count-rate light curve using
a dynamical binning method, as employed by the Swift collabo-
ration (Evans et al. 2007). To do this, we binned the data based
on the number of counts per bin. The minimum number of counts
perbin, Npin, is a dynamic parameter whose value is defined when
the count rate is 1 count/s. It scales discretely with the count rate,
such that a factor-of-10 change in count rate results in a factor-
of-1.5 change in Ny,. This method allows a finer time resolution
during bright phases while maintaining statistical significance at
lower flux levels, and is well suited to GRB light curves, where
the flux can vary by several orders of magnitude. We chose Ny, at
1 count/s individually for each source according to its brightness.
Typical values of Ny, range between 300 and 800 in the win-
dowed timing (WT) mode, and between 50 and 100 in the photon
counting (PC) mode. We also included BAT observations in our
analysis, binning the data according to the previously defined time
intervals for the XRT light curve. We report the time intervals of
each spectrum in Table A.1 in the Appendix.

We extracted the XRT source and background spectral files
in the WT and PC modes, the redistribution matrix, and ancil-
lary response files using the automatic online tool provided by
the Swift Science Data Center for spectral analysis (Evans et al.
2009). We extracted the BAT spectra using the latest version of
the HEASOFT package (v6.33.1), following the standard pro-
cedure that we briefly summarize below. We downloaded the
BAT event files from the Swift data archive and processed them
with the batgrbproduct pipeline. We produced BAT spec-
tral files using the batbinevt task and corrected them with
the batupdatephakw and batphasyserr tasks to include sys-
tematic errors. We generated the response matrix using the
batdrmgen task. We adopted the latest calibration files (CALDB
release 2023-07-25).

2.3. Spectral analysis

For each GRB, we performed a time-resolved spectral analysis
of XRT and BAT data in the 0.3—150keV energy range, using
XSPEC (v12.14.0b; Arnaud 1996). We adopted Cash statistics
for XRT data and Gaussian statistics for BAT data. We estimated
parameter uncertainties using the error command.
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Fig. 1. Light curves of short GRBs detected by Swift-XRT in the
0.3—-10keV energy range. The colored lines represent the GRBs
selected in our sample, while the gray lines represent all the other short
GRBs.

2.3.1. Absorption model

For each GRB, we accounted for X-ray absorption by neutral
Hydrogen both in the Milky Way and in the host galaxy using
two distinct absorbers. We adopted the XSPEC models tbabs
and ztbabs, which take the abundances from (Wilms et al.
2000). The density of the galactic column along the line of sight,
Ny, was fixed to the value reported by Willingale et al. (2013).
The host galaxy contribution, Ny(z), located at the GRB redshift
(or at z = O if the redshift is unknown), was treated as a free
parameter of the fit but common across all time-resolved spectra
of the same burst.

In fact, if Ny(z) is allowed to vary independently in each
spectrum during the early X-ray emission, strong fluctua-
tions of this parameter are often observed (Butler & Kocevski
2007). Although an increase in Ng(z) could be attributed to
photoionization of the circumburst medium by prompt radia-
tion (Perna & Lazzati 2002; Perna et al. 2003; Lazzati & Perna
2003), a rapid decrease is harder to physically justify. More
importantly, such artificial variations of Ny(z) can hide the true
temporal evolution of the spectrum. To avoid this, we assumed
that Ny(z) remains constant during the steep decay phase and
performed a joint fit of all time-resolved spectra for each burst,
leaving Ny(z) as a common free parameter.

2.3.2. Spectral model

In previous works, time-resolved spectral analysis of GRB X-ray
data has typically been performed by fitting an absorbed power
law to the XRT spectra. This method relies on the assumption
that intrinsic spectral curvature can be neglected in the narrow
XRT energy band (0.3—10keV). However, this is not valid for
early X-ray data, where the GRB spectrum is peaked and rapidly
evolving, leading to significant biases in the estimation of spec-
tral parameters (see Appendix B for a detailed discussion). For
this reason, a curved spectral model is required to describe the
time-resolved XRT and BAT spectra.

We tested two different spectral models: a physical syn-
chrotron emission model and an empirical smoothly broken
power law (sBPL). For the spectral shape of the synchrotron, we
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adopted the XSPEC table model developed by Oganesyan et al.
(2019). In this model, the synchrotron emission arises from a
population of nonthermal electrons accelerated into a power-law
energy distribution, dN, /dy o« y~P, with a minimum Lorentz fac-
tor y,,. These electrons cool through synchrotron losses down to
the cooling Lorentz factor vy, and the resulting synchrotron spec-
trum is obtained by integrating the single-electron emission over
the full electron distribution. The model has four free parame-
ters: the synchrotron cooling frequency v, the electron power-
law slope p, the ratio between the minimum Lorentz factor and
the cooling Lorentz factor y,,/v., and the spectrum normaliza-
tion. In particular, p and vy,,/y. determine the spectral shape, v,
sets the peak (or break) position, and normalization is propor-
tional to the detected flux.
The sBPL spectral shape was defined as follows:

B A
T
where
E -, (_;Tf)ﬁl” | @)

Here, Ng represents the photon spectrum, A the normalization,
E, the peak energy, « the spectral slope below the peak, and £ is
the spectral slope above the peak.

We first validated both models by fitting simulated data, suc-
cessfully recovering the injected parameters (see Appendix B).
We then tested the models on the brightest GRBs in our sample,
which yielded good fits with well-constrained parameters. This
allowed us to apply the same models to the fainter GRBs.

2.3.3. Spectral fitting routine

We adopted an empirical approach to model the temporal and
spectral evolution of the X-ray tails directly in XSPEC. We
assumed that this evolution is due to the cooling of a nonthermal
spectrum whose peak is transiting across the instruments’ energy
bands. In our model, the spectral shape does not change during
the steep decay phase, but the entire spectrum gradually shifts
to lower energies and becomes dimmer. The spectral evolution
observed in XRT data thus carries the imprint of the evolution of
the same spectral shape transiting through the XRT energy band
and hence can show different spectral slopes at different times.
In Fig. 2 (right panel), we show, as an example, the comparison
between the absorbed spectra of GRB 211211A and our best-fit
model.

Since the XRT (0.3—-10keV) and BAT (15-150keV) bands
are relatively narrow, only a small segment of the entire spec-
trum can be observed within a single time bin. Therefore, we
performed a joint fit across all time-resolved spectra for each
GRB, with the parameters defining the spectral shape (p and
¥m/7Yc for the synchrotron, @ and S for sBPL) free to vary but
common across all spectra, while the peak energy and flux were
allowed to vary independently in each time bin. As discussed
in Section 2.3.1, we also fitted a single value of Ny(z) for all
spectra of the same burst. In our fitting routine, we allowed the
spectral parameters to vary in the following ranges: for the syn-
chrotron model 0 < log(y,,/y.) < 2 (implying that all the shock-
accelerated electrons efficiently cool via synchrotron losses, that
1SV 2v.),2< p<5,and —4 < log(v./keV) < 3; for the sBPL
model 0.1keV < E,<200keV, -19 <a <0,and -5 < 5 < -2.
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Fig. 2. X-ray light curve (left) and time-resolved spectral evolution (right) of GRB 211211A. The left panel shows the XRT and BAT observations
selected to analyze the early X-ray emission of GRB 211211A. In the upper panel, the blue and red data points represent, respectively, the BAT and
XRT light curves. In the lower panel, the XRT hardness ratio is shown in green. The yellow shaded area highlights the time interval selected for the
spectral analysis. The right panel displays the evolution of the absorbed spectrum of GRB 211211A in vF, representation. The color scale indicates
the different time bins. Data points from XRT and BAT are shown as dots, with triangles indicating upper limits. The solid curves represent our

best-fit model. Residuals are displayed in the lower panel.

To summarize, for each GRB, we performed a joint fit of all
time-resolved spectra in the steep decay phase, testing first the
synchrotron model, then the sBPL model; we adopted tbabs and
ztbabs XSPEC multiplicative models to account for the absorp-
tion of X-rays by our galaxy and the host galaxy, respectively;
we used cflux to compute the intrinsic flux in the 0.3—150keV
energy range. For a GRB with n spectra during the steep decay
phase, our fit includes 2n + 3 free parameters. For the syn-
chrotron model these are: one value for v, and one for the flux
for each spectrum, along with p, ¥,,/v., and Ng(z) values, com-
mon across all spectra. For the sSBPL model, the free parameters
are: one E, value and one flux value for each spectrum, together
with @, 8, and Nyg(z) values, common across all spectra.

3. Results
3.1. Spectral analysis

We performed the time-resolved spectral analysis for all the
GRBs in our sample, as described in Section 2.3. For each spec-
trum, we extracted the best-fit value of the intrinsic flux in the
0.3—-150keV energy range, Fo3-150kev, and of the synchrotron
cooling frequency, v,, to track their evolution during the X-ray
steep decline. All the spectra of the same burst share common
values of v,,/y. and p. We carried out an analogous analysis
using the sBPL model, in which we followed the evolution of
Fo3-150kev and E,, during the steep decline. We report our results
in Table A.1 in the Appendix.

In Fig. 3, we compare the results obtained with the two
spectral models. In the left column, we show the evolution of
Fo3-1s50kev and v, as a function of time, as well as v, plotted
as a function of Fy3-_j50kev, assuming the synchrotron emis-
sion model. In the right column, we present the evolution of
Fo3-150kev and E), as a function of time, together with E,, plotted
as a function of Fy3_150kev, assuming the sSBPL empirical model.

For the spectra in which the peak energy lies within the
observing band, we also extracted, for both models, the bolo-
metric flux, Fy,, computed in the 1073-10*keV energy band.
These values are also reported in Table A.1.

3.2. Spectral-energy correlations

During the prompt emission phase of GRBs, several spectral-
energy correlations have been identified (e.g., Amati et al. 2002;
Ghirlanda et al. 2004). When the prompt emission spectra are
modeled with empirical functions, such as the Band function
(Band et al. 1993) or a sBPL, a correlation is observed between
the rest-frame spectral peak energy, E,. = E,(1 + z), and the
isotropic-equivalent luminosity, Lis, = 47rdiF bol (Yonetoku et al.
2004), where d is the luminosity distance of the source and F,
is the bolometric flux. However, when fitting the GRB spectra
with the physical synchrotron emission model, the E,. — Lis
is no longer present, while a tight correlation instead emerges
between the rest-frame synchrotron cooling frequency, v., =
v.(1 + z), and Li,, as shown by Mei et al. (2025).

We investigated the presence of similar spectral-energy cor-
relations during the steep decay phase of the bursts with mea-
sured redshift in our sample. For each of the 49 spectra fitted
with the synchrotron model, for which the bolometric flux was
computed, we derived Liy, and v, .. We discovered a tight cor-
relation between these two quantities across all GRBs in our
sample, as displayed in Fig. 4. We quantified this correlation by
computing the Spearman’s rank correlation coefficient, p, and its
associated chance probability, Pcpance, reported in the first row of
Table 2.

Adopting the same procedure as Mei et al. (2025), we fit the
following power-law relation to the data points of our sample:

Liso )m

Ver
e K|l 3
100keV (1052 erg/s =

where m and K represent the slope and the normalization,
respectively. For simplicity, we performed a linear fit to log(v,. ;)
and log(Lis,), using the logarithmic form of equation (3):
log(v.;) = mlog(Liso — 52) + log(K) — 2. “)

We performed a Bayesian fit, adopting the following likelihood
(D’ Agostini 2005):
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Fig. 3. Left column: Evolution of the flux in 0.3—150keV energy band (top), evolution of v. (middle), and v, as a function of F3_150ev (bottom),
assuming a synchrotron spectral model. Right column: Evolution of the flux in 0.3—150keV energy band (top), evolution of E,, (middle), and E,
as a function of Fy3_j50kev (bottom), assuming a SBPL spectral model. Each color refers to a different GRB. Error bars represent 1o~ uncertainties,
while arrows represent 68% upper limits.
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Here, N refers to the number of GRB spectra in the steep decay
phase; (x;, oy,) represent log(Lis,) and its associated uncertainty
for the i-th spectrum, while (y;,0,,) correspond to log(v.) and
its associated uncertainty for the i-th spectrum. We also fitted
the intrinsic scatter o, which represents the additional dis-
persion of the data around the best-fit relation. For the treat-
ment of asymmetric uncertainties in the likelihood, we followed
the approach described by Mei et al. (2025). We adopted uni-
form priors for the three parameters, with ranges defined as
m € [0,5], K € [0.01,100], and o € [O,100]. We sam-
pled the posterior distribution using a Markov chain Monte
Carlo approach implemented with the emcee Python package
(Foreman-Mackey et al. 2013). We employed an autocorrela-
tion time analysis to ensure chain convergence. The autocorre-
lation time was estimated every 100 steps, and convergence was
assumed once the chain length exceeded 100 times the estimated
autocorrelation time, and this estimate varied by less than 1%.
The burn-in length was set to twice the autocorrelation time. For
each parameter, we report the median of the marginalized poste-
rior distribution as the best-fit value, and the 1o~ credible interval
as the associated uncertainty.

Our best-fit curve is shown in Fig. 4, together with the cor-
responding 30 scatter region. Our best-fit parameters are dis-
played in the first row of Table 2.

We extrapolated our v, — Li, relation to the typical energy
of the prompt emission phase, and found it to be consistent with
observations of short GRBs by GBM, as shown in Fig. 4. To
obtain the GBM data, we selected the short GRBs (TGPM < 2's)

with measured redshift from the GBM burst catalog® (further

3 https://heasarc.gsfc.nasa.gov/w3browse/fermi/
fermigbrst.html

green squares. GRB 211211A data are taken
from Mei et al. (2025) and are represented with
yellow stars.

Table 2. Results of the statistical analysis on the spectral-energy corre-
lations.

Relation 0 Phance m K Tse
Ver:—Liw 092 5x1072! 0.68“_’8:(5?1 11.9“_’;3 0.16
E,.-Lsw 094 2x 10723 0.581’8102 10.43:2 0.16

information on this sample can be found in Appendix D). For
each burst, we took the peak energy E, and flux values of the
Tqp-integrated spectrum corresponding to the best-fitting model
in the catalog, considering only peaked spectral shapes. From
these, we computed Ly, and the rest frame peak energy E,, =
E,(1+z), and considered v, ~ E, ;, which is a good approxima-
tion for short GRB prompt emission spectra (Ravasio et al. 2019;
Toffano et al. 2021). Data points of GRB 211211A were taken
from Mei et al. (2025), who fitted the time-resolved prompt
emission spectra of this burst with the synchrotron model.

We also computed the intrinsic spectral properties for the
sBPL fits. We derived E,; and Lis, for the 49 spectra of the
bursts with measured redshift, for which the bolometric flux
was computed, and fitted a power-law relation to this data. We
followed the same procedure as described before, using E,,;
instead of v, .. We show the data and the best-fit curve in Fig. 5,
together with the corresponding 307 scatter region. We list the
Spearman’s rank correlation coefficient and its associated chance
probability, together with the best-fit parameters, in the second
row of Table 2. This indicates that the relation between the typ-
ical energy of the GRB spectrum and the luminosity during the
steep decay phase still holds when adopting more flexible spec-
tral models and is therefore robust against model assumptions.

3.3. Predictions for wide-field X-ray monitors

We assessed the detectability of the early X-ray emission of on-
axis, merger-driven GRBs by the current wide-field X-ray mon-
itors. Comparing the isotropic equivalent luminosity Ly, of the
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GRBs in our sample with the X-ray luminosity Lx of the other
short GRBs detected by XRT, we can clearly see that, in terms of
luminosity, our sample is representative of the short GRB popu-
lation observed by XRT (see Fig. E.1 in the Appendix). There-
fore, we studied the detectability of these sources by EP-WXT
(0.5—-4keV) using the events in our sample. We started from the
intrinsic properties of each spectrum, Lis, and v, ., and assumed
a synchrotron model with p = 2.5 and y,,/y, = 1, consistently
with our findings. We located the burst at different redshifts
and computed the observed absorbed flux in 0.5-4keV energy
range. In particular, we fixed an average value for the Milky-Way
neutral hydrogen column density, Ny = 0.03 x 10?2 cm~2, and
neglected the absorption by the host galaxy. Using the same pro-
cedure, we also extrapolated the prompt emission flux in the EP-
WXT band starting from the short GRB with a measured redshift
in the GBM catalog. We show our results for redshifts z = 0.1,
0.3, 0.5, 1.0 in Fig. 7, where we also display the EP-WXT 50
sensitivity curve as a function of the exposure time, for different
photon indices. Including all these curves is essential, since short
GRB prompt emission is hard, while the steep decay emission
evolves from hard to soft, and the instrument sensitivity depends
on the spectral slope in the observing energy band. Computa-
tion details of the EP-WXT sensitivity curves are presented in
Appendix F.1.

4. Discussion
4.1. Spectral analysis

For each burst in our sample, we jointly fitted the time-
resolved X-ray spectra of the steep decay phase with two
curved spectral models: an absorbed synchrotron model and
an absorbed sBPL model. We did not restrict our analysis to
XRT spectra (0.3—10keV) alone, but also included BAT spec-
tra (15-150keV), which provide significant constraints on the
spectral shape or impose meaningful upper limits. This approach
enabled us to consistently model the evolution of the GRB spec-
trum, its curvature, and the intrinsic neutral Hydrogen absorption
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been extrapolated to higher energies, where
GBM short GRB data are represented with
green squares.

in Swift X-ray data. We can allow Ny(z) to be a free parameter of
the fit, common among all the spectra of the same GRB, because
our model accounts for the intrinsic curvature of the spectrum.
The resulting best-fit values of Ny(z) (see Tables A.1 and A.2,
and Fig. A.1 in Appendix) are compatible with expectations for
merger-driven GRBs, which often take place at the edge of their
host galaxy. They are also consistent with the Ny(z) reported in
the Swift-XRT catalog, derived from an absorbed power-law fit
of the late-time afterglow spectrum, when available.

The evolution of a synchrotron spectrum generally provides
a good fit to the X-ray tails. For bursts with enough statistics,
we can precisely track the evolution of the cooling frequency
and the bolometric flux, as shown in the left column of Fig. 3.
The GRB spectrum evolves rapidly: the bolometric flux drops by
two orders of magnitude in less than 400 s, while v, decreases
by more than one order of magnitude in the same time interval.
We generally found synchrotron spectra in the marginally fast-
cooling regime, that is v,, > v, (see Table A.1 in the Appendix),
in agreement with what is typically observed in the prompt emis-
sion spectra of the short GRB population (Ravasio et al. 2019;
Toffano et al. 2021).

Gompertz et al. (2023) interpreted their spectral analysis of
GRB 211211A as evidence that the synchrotron spectrum has
already transitioned to the slow-cooling regime by the steep
decay phase. However, even when relaxing our assumptions to
allow for slow cooling, our results remain consistent with syn-
chrotron emission in the marginally fast-cooling regime. This
discrepancy may arise from differences in the adopted spectral
modeling (their use of an empirical model versus our direct fit
with a physical synchrotron model) and from our inclusion of
BAT data at later times (>120s).

The empirical SBPL model also provides acceptable fits to
the X-ray spectra. As expected, E, is typically higher than the
corresponding v, obtained with the synchrotron model. Simi-
larly to v., E, decreases by more than one order of magnitude
within the first 400s (see right column of Fig. 3). In Fig. A.l
(Appendix), we compare the Ny(z) values derived from the two
models, which are generally consistent, and we also show the



Ierardi, A., et al.: A&A, 708, A190 (2026)

T T T T 3
104 E 10°
Prompt 3 |
10° Emission A
< Extended ] 3 10! —
3 10 Emission 3 )
= g
N ]
g 10t —§ - [
Steep 1 E 1n2
100 Decay - 10
1 1 1 1] 103
1047 1049 1051 1053

Liso [erg s71]

Fig. 6. Emission episodes of short GRBs related to time, luminosity,
and peak energy. The color map refers to the timescale of the different
emissions.

a values obtained from the sBPL fits. Although the sBPL model
offers larger flexibility, since the slope below the peak is left free,
the mean value of the fitted @ values results —0.69 + 0.09, con-
sistent with the slope predicted by the synchrotron model.

4.2. Spectral-energy correlations

Despite the early X-ray data points being quite scattered in the
Ve — Fos-150kev plot (see the bottom-left panel of Fig. 3), they
cluster tightly along a power-law relation in the v, ; — Lis, plane,
as shown in Fig. 4. The v, ; — Ljs, data points in the steep decay
phase exhibit a lower intrinsic scatter (oyc = 0.16) compared
to those from the prompt MeV emission (see e.g., Nava et al.
2012). We demonstrated that this relation is independent of the
underlying spectral model, as we still found a tight E,,; — L
correlation (o5 = 0.16) when fitting the X-ray spectra with the
empirical sSBPL model (see Fig. 5).

Even though these relations are fitted with steep decay data
only, they also well describe the short GRB prompt emission fea-
tures, at much higher peak energy and luminosity, as shown in
Figs. 4 and 5. The v, — Lis, relation is also consistent with the
prompt and EE spectral parameters of GRB 211211A obtained
by Mei et al. (2025). Hence, our relations could help in the iden-
tification of merger-driven GRBs even when they are long lasting.

Both relations span five orders of magnitude in isotropic
equivalent luminosity and seven orders of magnitude in energy,
suggesting a common physical origin of prompt emission, EE,
and steep decay in merger-driven GRBs. This is further illus-
trated in Fig. 6, where we also show the typical timescales of
these emissions.

The observed spectral-energy correlations rule out high-
latitude emission as the main process shaping the X-ray steep
decline of merger-driven GRBs. High-latitude emission occurs
when the prompt emission abruptly ceases and, as a consequence
of the curved jet surface, the observer continues to receive pho-
tons emitted from progressively larger angles relative to the
line of sight, producing a characteristic temporal and spectral
evolution (Fenimore et al. 1996; Kumar & Panaitescu 2000). In
this framework, the luminosity and peak energy are expected to
evolve as L, o 1 and E bz O 71, leading to a predicted peak
energy — luminosity slope of m = 1/3. This value is inconsistent
with the observed relations (m = 0.68 + 0.04 for the synchrotron

model and m = 0.58 + 0.03 for the sBPL model), indicating
that the spectral evolution present in the steep decay phase is too
rapid to be explained by the high-latitude emission model.

The inconsistency with the high-latitude emission confirms
the result found by Ronchini et al. (2021), who performed a sys-
tematic study of spectral evolution during the steep decay of
bright long GRBs and demonstrated that adiabatic cooling can be
a viable explanation. Within this framework, our observed rela-
tion allows us to place constraints on the evolution of the mag-
netic field and the volume of the emitting region, as discussed in
Appendix C.

Since the observed relations point to a common origin for
the steep decay and the prompt emission, another possible inter-
pretation is that the early X-ray radiation may trace the declin-
ing power of the jet. Within this framework, it is assumed that
there is a one-to-one correspondence between the temporal evo-
lution of the central engine activity and the observed emission
(Barniol Duran & Kumar 2009; Alamaa et al. 2024).

4.3. Predictions for wide-field X-ray monitors

We assessed the detectability of on-axis, merger-driven GRBs
with current wide-field X-ray monitors by comparing X-ray
absorbed flux light curves, located at different redshifts, with
the EP-WXT 50 sensitivity curves as a function of the expo-
sure time (Fig. 7). Our approach is data-driven, as it is based
on a sample of Swift X-ray observations whose intrinsic prop-
erties are representative of the XRT-detected short GRB popula-
tion. We show the full set of sensitivity curves, computed for dif-
ferent photon indices, because the relevant comparison depends
on the emission phase: the prompt emission should be com-
pared with the curve for a hard photon index (PI ~ 0.7), the onset
of the steep decay with curves corresponding to harder spectra
(PI~0.7-1.0), and the end of the steep decay with curves for
softer spectra (PI~2.0-3.0). From this comparison it emerges
that both the prompt and the steep decay emissions are detectable
by EP-WXT at z ~ 0.1 (top left panel of Fig. 7). At higher red-
shifts, the prompt emission quickly becomes non-detectable due
to its hardness and extremely short duration. Already at z ~ 0.3,
about half of the prompt emission events are lost (top right panel
of Fig. 7), while the steep decay phase remains detectable up to
z ~ 0.5, as it is softer and lasts significantly longer (bottom left
panel of Fig. 7). At z = 1.0, the prompt emission falls entirely
below the EP-WXT sensitivity, but some steep decay events are
still detectable (bottom right panel of Fig. 7).

In most cases, short MeV bursts would therefore appear in
EP-WXT as X-ray transients lasting a few hundred seconds.
Especially in the absence of a MeV counterpart, rapid follow-
up with the Follow-up X-ray Telescope on board EP (FXT,
0.3—10keV) is crucial to characterize their late-time emission
and enable reliable classification.

Given that most of the steep decay events are detectable up
to a redshift z,,x = 0.5, we can estimate their detection rate
with EP-WXT in survey mode. This instrument has a wide field
of view of about 3600 deg? and observes the same patch of the
sky for approximately 20 minutes in the 0.5—4 keV energy band.
Assuming that all short GRBs originate from BNS mergers, we
can use the following formula to compute the expected short
GRB detection rate with a given instrument:

dN 3 "Tmax

dv
@ = dz Rens(2) e fo [ fa ©)

Here, zp.x 1s the maximum redshift at which the emission is
detectable, Rpns(z) is the BNS merger rate as a function of
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Fig. 7. Detectability of the early X-ray emission of short GRBs with EP-WXT. Each panel shows the absorbed flux in the EP-WXT energy band
as a function of the observer time from the prompt trigger, located at the redshift indicated on the top right corner. Blue dots represent the prompt
emission flux, while blue curves the steep decay emission flux. The colored curves are the 5o sensitivity curves of EP-WXT, computed for different

photon indices in the EP-WXT energy band.

redshift, dV/dz is the differential comoving volume, f; corre-
sponds to the fraction of GRBs having the jet opening angle
along the line of sight, f; is the fraction of GRB jets that suc-
cessfully emerge from the merger ejecta, and f, refers to the
time-averaged sky coverage of the instrument. Formula (6) does
not provide a rigorous computation of the rate because it assumes
a sharp detectability limit at a fixed redshift z,,y; it should there-
fore only be regarded as an approximate estimate. A robust com-
putation of the rate would require either a substantially larger
sample or Monte Carlo simulations that account for selection
effects and the survey detection efficiency, which is beyond the
scope of this paper and will be addressed in a future work.

In equation (6), the fraction of GRB jets pointing to Earth is
given by

5 22(1 —cosd;) 65
4n 2°

where 6; is the jet aperture angle, and the factor of 2 accounts
for the two oppositely directed jets produced by the GRB.
The EP-WXT sky coverage is estimated as the ratio between
its field of view and the total sky solid angle, f3*T =

3600 deg?/41253 deg®. Since the EP-WXT exposure is much

@)

9=
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longer than the characteristic duration required to detect the
steep decay emission (about 100 s), no additional correction for
exposure time is needed.

The function Rgns(z) is derived from the fiducial model of
De Santis et al. (2026). This BNS population model is taken
from the population synthesis models by lorio et al. (2023),
and it is consistent with the current LIGO, Virgo and KAGRA
(LVK) observations. In particular, it adopts a local merger rate
of Rgns(0) = 115Gpc=3yr!, which lies within the latest
LVK observational bounds of Rgns(0) = 7.6—-250 Gpc’3 yr!
(The LIGO Scientific Collaboration et al. 2025). Despite the
large uncertainty of Rpns(0) and its degeneracy with the
unknown f;, equation (6) can be calibrated by fixing a BNS
population and evaluating the best f; to reproduce the rate of
short GRBs detected by Fermi-GBM. Following this approach,
De Santis et al. (2026) determine an optimal value of f; = 0.75
for their fiducial population (adopted in this work) under the
assumption of a structured jet model with 6; = 3.4°.

Following these assumptions, and considering that the steep
decay emission is detectable up to zm.x = 0.5, the predicted
detection rate of on-axis, merger-driven GRBs with EP-WXT
from equation (6) is ~1 event/yr. This is a conservative estimate,
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as it does not account for potentially detectable sources at z > 0.5
and misaligned jets.

We also investigated the detectability of the early X-ray
emission of short GRBs through EP-WXT repointing to the sky
localization regions provided by MeV instruments. Short GRBs
detected by MeV satellites usually lack a redshift measurement,
as their poor sky localizations (typically several square degrees)
prevent effective follow-up observations. Detecting the X-ray
counterpart is therefore crucial, as it provides arc-minute local-
ization of the source. Thanks to its wide field of view, EP-WXT
can cover the localization uncertainty regions of MeV detectors.
However, since the early X-ray emission fades rapidly, a fast
repointing is required to observe the brightest phase. Accord-
ing to our predictions, such emission would be detectable up
to z ~ 0.4 for a response time of about 1 minute, decreasing
toz ~ 0.3 and z ~ 0.2 for delays of 2 and 3 minutes, respec-
tively (see Fig. F.2 in Appendix). Since GBM is able to detect
all the short GRBs pointing to Earth in its field of view up to
redshift 0.4, we can use formula (6) to compute the rate of GBM
short GRBs that could be detected by EP-WXT after repoint-
ing. Assuming the GBM sky coverage fSBM = 0.75, the EP-
WXT follow-up is expected to detect approximately 4, 3, and
1 events/yr for response times of 1, 2, and 3 minutes, respec-
tively. These estimates emphasize the critical importance of a
rapid response to short GRB triggers from MeV instruments. A
satellite such as THESEUS, which carries on board both a MeV
instrument and a wide-field X-ray telescope, would be ideally
suited to detect both the prompt emission and the steep decay
phase (Amati et al. 2018; Ronchini et al. 2022).

According to our study, transients detected by EP are par-
ticularly valuable in the multi-messenger context for GRB-
triggered GW searches. These analyses, performed with the
PYGRB pipeline (Harry & Fairhurst 2011; Williamson et al.
2014), search for GW signals in temporal and spatial coinci-
dence with GRBs, adopting a narrow time window of 6 seconds
around the MeV burst trigger to maximize the sensitivity dis-
tance (Abbott et al. 2021, 2022). When the MeV emission is
detected alongside EP signal, the GRBs are of interest because
relatively close and well-localized. Conversely, in cases where
MeV emission is not detected but an EP transient is observed,
our results indicate that, for merger-driven GRBs, there is a delay
of ~100 s between the prompt burst (expected to be nearly coin-
cident with the GW trigger) and the time of the EP detection.
In such cases, the GRB-triggered GW searches should adopt the
appropriate time window that accounts for the expected delay
and the duration of the transient in the X-ray domain.

5. Conclusions

We presented a systematic analysis of the early X-ray emission
(t < 10%s) of 16 merger-driven GRB candidates. We character-
ized their temporal and spectral evolution, as well as the intrin-
sic properties of the ten bursts with measured redshift. We also
assessed their detectability with wide-field X-ray monitors and
discussed the implications for GW searches triggered by X-ray
transients. Our findings can be summarized as follows.

— We selected a sample of GRBs promptly detected in soft
X-rays by XRT. We included short GRBs, short GRBs with
EE, and other merger-driven GRB candidates with suffi-
ciently high flux in the first 10° s to allow time-resolved spec-
tral analysis, resulting in a total of 16 bursts.

— We performed a time-resolved spectral analysis of XRT
and BAT data in the 0.3—150keV energy range, assum-
ing curved spectral models. We developed a new analysis

technique that jointly fits all time-resolved spectra of each
GRB, enabling us to capture the spectral evolution during
the steep decay phase within a relatively narrow instrumental
band. We tested both the synchrotron and the sBPL spectral
models, properly accounting for X-ray absorption by neutral
Hydrogen. The analyzed emission exhibited a rapid hard-to-
soft spectral evolution. With our approach, we traced the evo-
lution of the bolometric flux and the spectral energy peak
during the steep decay phase.

— We extracted the intrinsic properties of the bursts with mea-
sured redshift in our sample. Using the synchrotron spec-
tral model, we discovered a tight correlation between v,
and Ljs,. Fitting the data with a power-law relation, we
obtained a slope m = 0.68 + 0.04 and an intrinsic scatter
s = 0.16. When modeling the spectra with the sBPL, we
found a E,; — Lis, correlation, and its power-law fit gave
m = 0.58 + 0.03 with o, = 0.16. This demonstrates the
robustness of the peak energy—luminosity relation against
model assumptions. In both cases, we extrapolated the rela-
tion, fitted with steep decay data, to the typical energy of
the prompt emission, matching GBM observations of short
GRBs. This supports the interpretation that the early X-ray
emission and the prompt emission share a common origin,
with the steep decay representing the low-energy extension
of the prompt emission.

— After verifying that the intrinsic properties of our sample
are representative of the observed short GRB population, we
evaluated the detectability of these sources with EP-WXT
using a data-driven approach. We computed the detector sen-
sitivity curves for different photon indices, necessary for
comparing emission episodes with different spectral hard-
ness. We showed that the X-ray counterpart of a MeV burst
would appear in WXT as a X-ray transient lasting a few
hundred seconds. We found that most of these sources are
detectable up to z = 0.5, which corresponds to an expected
detection rate of ~1 event per year.

— Our work is also relevant for targeted GW searches in tem-
poral and spatial coincidence with EP-detected X-ray tran-
sients. In the absence of a MeV counterpart, the temporal
search window for GW signals in the interferometers should
be moved to a few hundred seconds before the EP trigger.
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Appendix A: Spectral analysis details

In this section, we provide the results of our time-resolved
spectral analysis of the early X-ray emission of the GRBs
in our sample, performed first assuming an absorbed syn-
chrotron model (Table A.1), then a SBPL model (Table A.2).
In both tables, we list the time intervals chosen for each spec-
trum with respect to the BAT trigger time, the redshift of the
burst (if any), the input galactic Hydrogen column density,
the best-fit parameters, and the fit statistic over the number of
degrees of freedom. As explained in Section 2, all the spec-
tra of each GRB are jointly fitted. Uncertainties are quoted
at 1o confidence level. In Fig. A.1, we show the comparison
between the Ny(z) obtained by fitting GRB spectra with syn-
chrotron and the Ny(z) obtained with SBPL. We also show the
a values resulting from the sBPL fits.
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Fig. A.1. Comparison between Ny(z) obtained by fitting the
sBPL model and the synchrotron model to the GRB spectra.
The color map indicates the « value fitted with the sBPL model.

Table A.1. Results of the time-resolved spectral analysis performed assuming a synchrotron model.

GRB st Istop 2 Ny Nu(z)  log(ym/ve) p Ve Fos3-150kev fit stat/ndof Fyol
[s] Is] [102cm™] [10*?cm™?] [keV] [10°ergem™2s7!] [107% ergem™2s7']
050724 79 104 0258 0277  0.14%0% <05 4502 48403 19,008 3110/4589 20!
104 124 2.7f8f 9.1f8:i 9.4f8:§
124 138 26703 7.7+04 8.0706
138 158 1.74_'8:} 4.54_'8:% 4.71’83
158 182 17401 3,601 39102
182 218 13700 2381008 2,601
218 317 0.5670% 781003 0.95+007
343 416 <0.1 0.121002 -
060614 97 130 0.125 0020 <0008 <006 3747007 458 84*! 4788/5865 9072
130 162 28101 417! 437!
162 182 2.2¢01 21.6'09 22,9409
182 214 1351007 10.9703 11,8704
214 258 0.70100¢ 52701 5.931007
258 284 0.521003 3171007 3.811010
284 307 0.43%003  93g+007 2.98+0%
307 336 0387003 1807003 2321008
336 379 0251001 1241004 1.8470.10
379 458 0169092 0.6679) 122012
070714B 68 93 092  0.098 <01 <02 >42 5179 29703 1032/1553 30703
93 135 4.74_'(1):;3 1.54_'8:% 1.6f8:?
135 200 21402 0.49+003 0.52+002
080123 108 145 0495 0025 <005 05792  >24 1379 22701 881/1611 2.2¢14
145 218 0.7:03 0.75+026 0.8:03
228 393 02702 0.04070% 0.053+00%
030503 81 99 - 0070 <001 <01 2692 5093 15.6708 2697/3757 2273
99 113 37703 10.17] 13,9108
113 132 46108 88109 1272
132156 2.8+04 5.0703 6.7+ 11
156 192 17402 26102 3.3104
192 281 O.ngj} 0.81f8:82 I.Ofg::
281 570 <01 009600 -
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Table A.1. Results of the time-resolved spectral analysis performed assuming a synchrotron model (continued).

GRB Lstart  stop z Ny Nu(2) log(ym/ye) P Ve Fos3-150kev fit stat/ndof Fhol
[s] [s] [102cm™] [10??cm™2] [keV] [10°ergecm™2s7!] [107% ergem™s7']
1001174 86 165 092 0029  0.1070% <03  >3.1 3.1 0.75019 695/1227 0.77+02¢
165 245 21703 0.48+003 051+
247 322 1.0%04 0.15*503 0.17+5%
100702A 100 130 - 0.425 <003 <02 2702 13%2 21702 1371/2189 2603
130 161 12702 1.9+02 23104
161 204 0.9f8:; 1.3f8:i 1.7f8:§
204 264 0.3%01 0.61+000 0.8+03
267 373 <02 0.20%002 -
I11121A 83 102 - 0204 0.1579% <02 3772 3270¢ g4l 1552/2195 972
102 126 3.4f8;§ 6.3f8;2 6.8f(1)§
126 170 2.1404 25403 26103
170 260 l.lfgg I.Ofgj{ l.lfgf
120305A 69 107 0225 0214  0.180% <02 2592 12703 1693 747/2003 22710
107 151 1303 1.4+03 2.0%10
156 186 <04 0.9*01 -
186 605 <02 0.085+0.00 -
150301A 65 89 - 1311 28702 <03 31702 25704 78703 1128/1537 8.9
89 119 1.7:04 5.9:04 6.7:01
119 176 <12 5.8:03 -
150424A 94 120 - 0060 <002 <03 >30 2273 25704 1441/2292 2.6°035
120 154 2,004 18703 1.9%04
154 215 1.3:92 0.80*048 0.9+92
215 301 0.6*02 0.28+005 0.33:007
160821B 72 105 0.16  0.058 <05 08707 4593 01 14701 1501/3004 1604
105 141 0.10* 98 1.14%098 1.38*02¢
141 199 0.08997  0.6670% 0.83+012
199 266 0.0370% (33002 0.52+008
272 496 <0008  0.032+000 -
180805B 83 124 0.661 0016 01678 <04 >22 157 7*] 1181/2099 9+
124 184 7412 2.5:07 34
184 269 2.5f8;g O.ngi? O.6f8:g
282 345 342 0.22:015 0.2:03
200219A 74 89 048 0.019 0.08f8:8§ < 0.05 2.6f8:g 4.6f?:(7) Sfi 1958/3188 103
89 109 43408 5,608 8!
109 133 2.6%03 3.4203 4.5%13
133 165 1.8+03 2.1403 27408
165 219 116010 1.0701 1.2+04
241 424 <02 0.13+00¢ -
211211A 83 101 0.0763 0018 <0005 008700 44703 42%03 662 347474625 6972
101 130 32102 40°1 411
130 151 1.9+01 20,9709 21.9%09
151 180 1154009 9.9+03 10.7403
180 210 0.69+0.06 44402 5.1:02
210 225 0.54+005 2.8:01 3,501
225 250 0.27+003 1.62+007 2.4%01
250 293 0.25%002 (9604 1.50%011
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Table A.1. Results of the time-resolved spectral analysis performed assuming a synchrotron model (continued).

GRB Lsart Istop 2 Nu Nu(z) log(ym/ye) P Ve Fos-150kev fit stat/ndof Fpol
[s] [s] [102% cm™] [102cm™2] [keV] [107ergcm™2s7'] [10° ergcm™2s7']
211227A 80 93 -  0.024 024902 <0.05 2271 63703 22+ 1890/2547 42+¢
93 116 5.71122 14*! 274
0.3 0.4 0.7
116 155 1.8%53 R 8.511
155 256 <02 1.14+008 -
0.02
264 352 <0.7 0.19*0:92 -
Table A.2. Results of the time-resolved spectral analysis performed assuming a sSBPL model.
GRB ftart fstop 2 Ny Nu(z) a B Ep Fo3-150kev fit stat/ndof Frol
[s] I[s] [10?2cm™] [10?* cm™2] [keV] [10ergem™2s7!] [10~% ergem™2s71]
050724 79 104 0258  0.277 008700 0777  -29%01  7.0%8E 18] 3108/4589 1971
0.3 0.5 0.5
104 124 4.3403 8.9+03 9.3%03
0.3 0.5 0.5
124 138 4.2+03 75403 7.9%03
0.2 0.3 0.3
138 158 3.1792 4.5703 4.8703
0.2 0.2 0.2
158 183 3.0702 37702 3.9%02
0.2 0.1 0.1
183 218 2,602 2.4+01 2.5+01
0.1 0.05 0.06
218 317 L1 0.760.9° 0.88+0.96
343 416 <03 0.09+5:02 -
060614 97 130 0.125  0.020 <0001 082700 2847003 g 502 85+! 4770/5865 9212
130 163 5.3702 40*! 43+
0.2 0.8 0.4
163 182 4.1%92 2127908 22.5+0:
0.11 0.3 0.3
182 214 2.59+040 10.8+03 11.6*23
0.06 0.1 0.1
214 258 1.40+0:96 52704 5.8701
0.05 0.07 0.08
258 284 1.05+003 3.187047 374708
0.05 0.07 0.08
284 307 0.88+0.95 2.39+0.97 2.91708
0.05 0.05 0.06
307 336 0.8070.95 1.82+0.03 2.26+0.9
0.04 0.03 0.07
336 379 0.52+0:04 1.257003 176707
0.04 0.02 0.12
379 458 0.300:54 0.6670:22 1.2070:12
070714B 68 93 092  0.098 <0.1 -09%02  -34%2 8% 27708 1031/1553 2.8707
2 0.3 0.4
93 135 7+2 1.3%93 1.4+94
0.4 0.08 0.09
135 200 33704 0.48+0.9%8 0.5070.99
080123 108 145 0495  0.025 <008  -1270% 27703 8% 2.3707 882/1611 27458
2.5 0.3 0.6
145 218 3.9+23 0.8+03 0.9+08
0.5 0.02 0.06
228 393 0.9703 0.05+0:22 0.06+0:9
080503 81 99 - 0.070 <05 067007 —231*008 1472 15%] 2691/3757 2173
2 0.9 2
99 113 11*2 9.8%00 13+2
2 0.8 2
113 132 133 8.3+08 11*3
1 0.5 1.1
132 156 8+l 4.9703 64701
0.9 0.2 0.5
156 192 5.3702 2.6702 33703
0.4 0.07 0.1
192 281 27704 0.8170:7 1031
281 570 <05 0.09370:919 -
100117A 86 165 0.92 0.029 <02 -09%08 3.0t 47713 0.8702 695/1227 0.8703
0.6 0.13 0.18
165 245 34708 0.57043 0.5370:18
0.6 0.06 0.07
247 322 1.7+08 0.16*0:9¢ 0.18+0.97
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Table A.2. Results of the time-resolved spectral analysis performed assuming a sSBPL model (continued).

GRB fsart fstop 2 Ny Nu(z) @ B E, Fo3-150kev fit stat/ndof Fol
[s] I[s] [10%2cm™2] [10%? cm™?] [keV] [10%ergem 257! [10% ergem™2 57!
100702A 100 130 - 0.425 <0.02 -05%0% 2427098 3.4%07 2.0702 1371/2189 24704
130 161 3.1706 18102 2.2163
161 204 25704 1307043 1603
204 264 1003 0.59%008 07251
267 373 <038 0.2070-02 -
111121A 83 102 - 0.204 <0.02 >-02 2537008 48+04 7.7497 1534/2195 9t
102126 51703 57704 64755
126 169 3.9703 24503 2603
0.2 0.09 0.1
169 260 2.7+02 1.0309 11791
120305A 69 107 0225 0214 0.1270%7 > 04  -22%0 4*3 17793 745/2003 24719
107 151 4+ 15703 2.2:03
156 186 <2 0.9%03 -
186 605 <2 0.08001 -
150301A 65 89 - 1311 1.5%93 >-04 -28%2 6007 57702 1123/1537 6*]
89 119 5153 42204 44759
119 176 34104 2004 21193
150424A 94 120 - 0.060 <002  -0870%Z —28%02 4206 24703 1440/2292 2.6704
120 154 3.9+0° 1.8%03 19107
154 215 27703 081008 087004
215 301 13105 0297053 0337063
160821B 72 105 0.16 0.058 <0004 -1.66*007 -35%02  32tll 1.3704 1500/3004 1.9704
105 141 25703 1107508 16107
141199 20763 0.647005 0.97067
199266 0.9551 0325053 05854
272 496 <02 0.031+0:904 -
180805B 83 124 0.661  0.016 0.12750¢ 07707 —24%0% 317 711 1179/2099 10%§
124 184 14434 23707 34
184 269 6410 06107 0.7:0%
282 345 7413 0.25*008 03104
2002194 74 89 048 0.019 <0.01 >-03  >-22 152 7477 1941/3188 1373
89 109 14777 55503 107}
109 133 10416 3.870% 6470
133165 g+10 24102 4,003
165 219 64! L175002 19703
241 424 <2 0.1470:02 -
211211A 83 101 0.0763  0.018 <0.0008 —0.76*09% —2.90*0>  7.3+03 69*2 3461/4625 72+2
101 130 52192 397} 417
130 151 33103 20.6%0 216103
151 180 210739 10.0%03 108153
180 211 1.20+0.08 4692 5.1%03
0.06 0.10 0.1
211 225 1014996 295049 3475,
225 250 0.53+004 L7103 2335005
0.04 0.03 0.0
250 293 0.47+004 1.02:583 1457006
211227A 80 93 - 0.024 0.06%003  >-03 -2.15'397 164 19*2 1860/2547 32¢]
93 116 15%¢ 124} 2075
116 155 7+ 47703 7
155 256 3.6%44 0.97¢1 13103
2 0.03 0.08
264 352 4+ 0.16*003 0.247) 06
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Appendix B: Spectral models
B.1. Spectral model tests with simulations

In this section, we show how we tested three different spectral
models for fitting early X-ray spectra. Using XSPEC, we simu-
lated the evolution of a GRB spectrum in the X-ray domain and
fitted the resulting spectra with an absorbed power law (com-
monly adopted in such analyses), an absorbed sBPL (empirical),
and an absorbed synchrotron model (physical).

B.1.1. Power-law spectrum

Since the XRT energy band is relatively narrow (0.3 — 10keV),
time-resolved spectral analysis of GRB early X-ray data has typ-
ically been performed by fitting an absorbed power law to the
XRT spectra, one time bin at a time. Given that in soft X-rays the
energy-dependent absorber is degenerate with the photon index,
particular care is required when estimating Ny(z) in order to
avoid biased spectral parameters. As discussed in Section 2.3.1,
the determination of Ny(z) from early-time spectra is unreliable.
For this reason, Ny(z) is usually derived from the late-time after-
glow, when the spectrum is stable, and then fixed to this value
when fitting the early-time spectra. This approach implies that
Ny(z) is constant, which is a reasonable assumption.

However, this procedure is complicated to apply to short
GRBs because the late afterglow is usually very faint (or absent),
and thus a reliable measurement of Ny(z) from late-time data is
generally unfeasible. One possible alternative is to jointly fit all
the early-time spectra with the absorbed power-law model, leav-
ing Ny(z) as a common free parameter. However, we showed
that, when the spectrum is peaked and rapidly evolving during
the steep decay phase, it cannot be approximated with a power
law because its intrinsic curvature plays an important role in
XRT data. Indeed, we simulated the evolution of a curved spec-

trum (sBPL) in XRT data and jointly fitted the spectra from all
the time bins with an absorbed power-law model, with Ny(z) as
a common, free parameter. We found that Ny(z) mimics both the
absorption and the curvature of the spectrum, leading to an esti-

mated value (0.11*391 x 10?2 ¢cm™2) larger than the one that we

injected (0.02 x 102 cm™2). As a result, the fitted photon indices
are systematically softer than the ones expected from the simu-
lation, and the intrinsic fluxes in the XRT band are larger than
the injected ones, as shown in Fig. B.1a. We strongly discourage
this approach when analyzing early X-ray spectra of GRBs.

B.1.2. Peaked spectrum

The previous test showed that early X-ray spectra cannot be
described by a simple power law, and a curved spectrum is
required. In this context, it is essential to include both XRT and
BAT data in the spectral analysis to cover a broader energy range
and better constrain the spectral parameters. We tested both an
empirical model, the sBPL spectrum, and a physical model, the
synchrotron spectrum. Using formula (1), we simulated the evo-
lution of an absorbed sBPL spectrum in XRT and BAT data and
jointly fitted the resulting time-resolved spectra with the same
model. We successfully recovered the injected spectral param-

eters, as displayed in Fig. B.1b. We fitted Ny(z) = 0.03%)0) x

10?2 cm~2, consistent with the injected value (0.02 x 10> cm™2).

Repeating the test with the synchrotron emission model
(Oganesyan et al. 2019) also allowed us to recover the injected
spectral parameters, as shown in Fig. B.1c. We retrieved Ny(z) =

0.03*301 x 10?2 cm™2, consistent with the injected value (0.02 x

1022 cm™2). These results demonstrate that both the sBPL and
synchrotron models are reliable, as spectral parameters can be
recovered from XRT and BAT spectra without bias.
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(a) Upper panel: Retrieved power-law pho-
ton index vs. injected sBPL slopes (horizontal
dashed lines). Lower panel: Retrieved intrinsic
XRT flux vs. injected values. The dashed black

line represents the equality line. line.

Fo3-150 kev [€rg cm~? s71] - injected

(b) Upper panel: Retrieved sBPL peak energy
vs. injected values. Lower panel: Retrieved in-
trinsic 0.3 — 150 keV flux vs. injected values.
The dashed black lines represent the equality

.
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.
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(c) Upper panel: Retrieved synchrotron cool-
ing frequency vs. injected values. Lower panel:
Retrieved intrinsic 0.3 — 150 keV flux vs. in-
jected values. The dashed black lines represent
the equality line.

Fig. B.1. Validation of our spectral model. Comparison between injected parameters and those retrieved by fitting simulated data: (a) XRT power-
law fit of a sBPL simulated spectrum, (b) joint XRT+BAT sBPL fit of a sSBPL simulated spectrum, and (c) joint XRT+BAT synchrotron fit of a
simulated synchrotron spectrum. Both simulations and fits account for neutral Hydrogen absorption.
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Fig. C.1. Allowed region in the [a — 1] plane, under the assumption of
cooling dominated by adiabatic losses. The parameters a and A describe
how the volume of the emitting region and the magnetic field evolve
with the radius, as described in the text.

Appendix C: Spectral-energy correlation in the
adiabatic cooling framework

In this section, we show that the peak energy—luminosity relation
observed during the steep decay phase of the bursts in our sample
can be explained within the framework of the adiabatic cooling
model. In a regime where the cooling of particles is dominated
by the adiabatic expansion of the emitting region, the particle
energy y evolves according to

(7)3V = const, (C.1)

where V is the comoving volume of the region. The volume
evolves with the radius as V oc R, with @ = 2 in the thick shell
and a = 3 in the thin shell regimes, respectively. If we introduce

-1
a magnetic field evolution parametrized as B = B (R%) , we
obtain the following relations:

v o (7)*B oc RGe, (C2)
Liso < vpF\(vp) < By, « R (G20, (C.3)

Combining the last two equations, we obtain a power-law rela-
tion between v, and Liy,, as found in this work. The predicted
slope is

i a+%/l
og(v,,)oca+3/l

log(Lis0)~ (C4)

Here we can interpret the peak frequency as v.. Combining
the 1 sigma estimate of the slope of the v, — Li, relation, we
obtained an allowed region in the [a — A] plane, as shown in
Fig. C.1. If the same procedure is followed using the E, — Lis,
relation, the allowed region is less constrained, but still compat-
ible with the one shown in Fig. C.1. In comparison, the work of
Ronchini et al. (2021) finds a preference for 4 < 1, while this
work finds a preference for 1 < A1 < 3 if we restrict between
the thick and thin regimes (i.e., a = 2 and a = 3 respectively).
This result shows not only that the spectral evolution found here
is compatible with adiabatic cooling, but also that the derived
values A of magnetic field decay are in agreement with what
we expect from different jet configurations. A value 4 = 1
would indicate a toroidal magnetic field that expands in a conical
jet under flux freezing conditions. If instead the magnetic field
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Fig. E.1. Comparison between isotropic equivalent luminosity Lis, of
short GRBs in our sample (colored points), and X-ray luminosity Ly of
the other Swift-detected short GRBs (gray lines).

is tangled and isotropized (via, e.g., magnetic reconnection), a
value 4 = 2 is expected. Our results indicate a preference for
this second scenario.

Appendix D: Fermi-GBM short GRB sample

In this section, we provide additional details on the GBM short
GRB sample considered in this work. From the GBM burst cat-
alog, we selected short GRBs (TGP < 2'5) with measured red-
shift. We excluded bursts for which a power law was the best-
fitting model for the Tyy-integrated spectrum. For the remain-
ing events, we extracted the peak energy (f1nc_epeak) and the
flux (flnc_ergflux) corresponding to the best-fitting model
for the Tyo-integrated spectrum. The selected sample is listed
in Table E.1, together with TGPM and z. For comparison, we
also provide Tgy'". Indeed, all these bursts but one were detected
also by Swift, whose localization capabilities enabled follow-up
observations and redshift determination.

Appendix E: Luminosity of XRT-detected short
GRBs

To study the intrinsic properties of the bursts in our sample,
we computed the isotropic equivalent luminosity of each burst,
Liso = 47rd%F bol, Where Fo 1s the bolometric flux obtained from
our spectral analysis. To compare them with the short GRB pop-
ulation, we computed the X-ray luminosity of the other Swift-
detected short GRBs with measured redshift. We selected the
bursts with XRT detection within 10%s from the BAT trigger
time, and calculated Ly = 47rdiF0,3_10kev, where Fo3_1pkev 1S
the flux in the XRT band, retrieved from the Swift repository. The
luminosity light curves are displayed in Fig. E.1. Since the X-ray
luminosity can be considered as a lower limit of the isotropic
equivalent luminosity, it is evident that our GRB sample is rep-
resentative of the entire population of XRT-detected short GRBs.
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Table E.1. List of short GRBs detected by GBM in our sample.

GRB TSPV [s]  TBAT[s] ¢
090510  1.0+0.1 5719  0.903
1001174 <1.I  029£003 092
100206A  0.18 £0.07 0.12+0.02  0.4068
100625A <05  033+0.04 0452
1111174 043+0.08 046+0.05 2211
1305154 0.26+0.09 0.30+0.06 0.80
1310044  1.2+0.6  15+03 0717
1604084  1.1+0.6  032+0.04 1.9
170127B 1.7+14  05+02 22
1807274  0.9+03  1.1£02 20
180805B  1.0+0.6  122+18  0.661
191031D  026+0.02 0.29%0.05 0.5
2002194 1210  81+10 048
200411A 1405  022+0.05 0.7
200826A  1.1+0.1 - 0.7481
201221D  0.14+0.07 0.16+0.04 1.045
210323A  1.0£08  1.1x03 0733

Appendix F: Detectability of short GRBs with
EP-WXT

F.1. EP-WXT sensitivity curves

The EP collaboration provides the 5o detection sensitivity
curves of the WXT detector only for a power-law point-source
spectrum with photon index 2, and for cumulative exposures
longer than 10s. However, since the early X-ray emission of
the bursts in our sample typically exhibits a hard-to-soft spectral
evolution, it is necessary to compare the expected emission with
sensitivity curves computed for different photon indices. For
this reason, we estimated the EP-WXT sensitivity curves assum-
ing different spectral hardnesses for the point-source power-law
spectrum and considering cumulative exposures from 107!'s to
10%s.

We defined the 50 detection sensitivity curve as the point-
source flux in the 0.5 — 4 keV energy range that yields a signal-
to-noise ratio (S/N) of 5. Assuming Poisson statistics both for
source and background counts, the S/N is given by

N
VN; + 2Ny

where Ng and NV, are the number of detected source and back-
ground counts, respectively. These are computed as

S/N = (F.1)

E>
Ny = Texpf dE O(E) A (E) (F2)
E,

E>
Ny = Texpf dE Ry(E) € Aeir(E), (F3)
E,

with ®(E) = KE™“ representing the source photon spectrum (in
photonscm™2 s~ ' keV™!), A.5(E) the instrument effective area
for points sources (black curve in Fig. 9 of Yuan et al. 2022),
Texp the exposure time, and Rp(E) the background rate (in
countscm2s ' keV~!, Fig. 6 of Zhao et al. 2018).

The factor € = 1/15 accounts for the difference between the
point-source effective area and the effective contribution of the
background. Since the background is diffuse and not focused by
the optics, the point-source effective area cannot be directly used

1078 3
107° F

10710 —

10711 —

EP-WXT 50 sensitivity curve [erg cm~2 s71]

A BT B L PR
10! 102 103

Exposure [s]

L. PP BN
1071t 100

Fig. F.1. Sensitivity curves of EP-WXT (50 detection). Each curve is
computed assuming a different photon index for the source power-law
spectrum.

to compute background counts, and the background contribution
cannot be easily estimated from the detector characteristics. This
factor is therefore determined empirically by matching the pub-
lished 50 sensitivity curve for a photon index of 2. To compute
the sensitivity curve for each photon index, we solved for the
normalization K that satisfied S/N = 5. Our results are shown in
Fig. F.1.

F.2. EP-WXT pointing strategy

In this section, we present our predictions for the detectabil-
ity of short GRBs by EP-WXT in pointing mode. We assumed
that WXT can repoint to the MeV localization within a response
time fsp. To assess the detectability, we compared the predicted
0.5 — 4keV light curves, starting from ., with the EP-WXT
sensitivity curves. Fig. F.2 shows the predicted light curves for
different response times. If the source is already within the EP-
WXT field of view from the start, no slewing is required, and it
is detectable up to z = 0.5 (top left panel). For a 1-minute slew-
ing time, sources are detectable up to z = 0.4 (top right panel).
With 2- and 3-minute response times, detectability decreases to
z = 0.3 and z = 0.2, respectively (bottom panels). Because the
X-ray flux declines rapidly, detecting it requires WXT to repoint
promptly in response to external short GRB triggers from MeV
instruments.
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10-6[ 2=05,tesp=00s ] [ z= 6.4, tresp = 60.05
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Fig. F.2. Detectability of the early X-ray emission of short GRBs with EP-WXT in pointing mode. Each panel shows the absorbed flux in the
EP-WXT energy band as a function of the time after the repointing. That is, time zero on the x-axis corresponds to the response time, which is
the time interval from the GRB trigger, including the time required to transmit and receive the alert and to slew the instrument to the target. The
response time and the redshift of the sources are indicated in the top right corner of each panel. Blue dots represent the prompt emission flux, while
blue curves represent the steep decay emission flux. The colored curves are the 5o sensitivity curves of EP-WXT, computed for different photon
indices in the EP-WXT energy band.
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