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ABSTRACT

Gamma-ray bursts (GRBs) are among the most luminous and rapidly evolving transients in the Universe. While space-based in-
struments have extended GRB observations up to energies of ~100 GeV, the detection of very-high-energy (VHE; E > 100 GeV)
emission from ground-based telescopes, especially during prompt or/and the early afterglow phase, remains challenging. These dif-
ficulties arise from the rapid temporal decay of GRB afterglows, strong attenuation by the extragalactic background light (EBL),
observational latency, and the typical poor sky localization provided by MeV-detectors such as Fermi/GBM. In this work, we inves-
tigate the prospects for detecting TeV (~100 GeV-1 TeV) emission from poorly localized GRBs by adopting optimized follow-up
strategies based on rapid tiling of large localization regions. We simulate a realistic population of GRBs informed by more than fifteen
years of Fermi/GBM and Swift/XRT detections and recent progresses in the afterglow emission modeling. Using these simulations,
we evaluate the detectability of GRB early afterglows by the next-generation Imaging Atmospheric Cherenkov Telescopes, equipped
with larger field-of-view (FoV), as a function of latency, exposure time, and observational strategy. Our strategy can significantly
enhance the detection rate; for instruments such as ASTRI and LACT, it increases by up to a factor of two compared to strategies
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limited to well-localized (Swift-like) events. For CTAO, our proposed approach provides up to four VHE detections per year.

Key words. Gamma-ray bursts — astroparticle physics — high energy astrophysics

1. Introduction

>< Gamma-ray bursts (GRBs) are among the most luminous and

rapidly evolving transients in the Universe. They appear as in-
tense flashes of keV-MeV gamma-rays lasting from a fraction of
a second to several minutes, commonly interpreted as the prompt
emission produced within ultra-relativistic jets launched either
after the collapse of massive stars or following binary neutron
star mergers. After this brief prompt emission phase, the out-
flow decelerates as it sweeps up the surrounding medium and
gives rise to a longer-lived multi-wavelength afterglow. The in-
teraction between the jet and the environment results in a rela-
tivistic forward shock that accelerates electrons, which then radi-
ate across the electromagnetic spectrum through the synchrotron
and Inverse-Compton (IC) processes.

* e-mail: samanta.macera@gssi.it
" e-mail: biswajit.banerjee@gssi.it

The very first detection of high-energy (HE) radiation (>100
MeV) associated with GRBs have been reported by EGRET on-
board the Compton Gamma Ray Observatory (Fishman & Mee-
gan 1995; Kaneko et al. 2008). Over the last 15 years, obser-
vations by the Large Area Telescope (LAT) onboard the Fermi
Gamma-ray Space Telescope have revealed that some GRBs ex-
hibit a distinct HE spectral component that extends into the GeV
domain during or shortly after the prompt emission phase (Abdo
et al. 2009a,b; Ackermann et al. 2013; Tang et al. 2015; Yassine
et al. 2017; Vianello et al. 2018; Ajello et al. 2019; Chand et al.
2020; Mei et al. 2022; Ravasio et al. 2024; Macera et al. 2025,
e.g.). These detections suggest the presence of a second radiative
component-potentially linked to the onset of the external shock-
that overlaps with the classical prompt emission (Zou et al. 2009;
Gao et al. 2009; Kumar & Barniol Duran 2009; Ghisellini et al.
2010; Ghirlanda et al. 2010). However, in the absence of ob-
servations at very-high-energies (VHE; E>100 GeV), the nature,
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temporal evolution, and energetics of this component remain
poorly constrained. In particular, the transition from prompt to
afterglow emission, the relative contributions of synchrotron and
IC processes (Sari & Esin 2001), and the expected luminosity
and duration of the VHE radiation in the earliest phases remain
open questions.

A major advance came with the first detections of TeV
emission from GRBs by ground-based Imaging Atmospheric
Cherenkov Telescopes (IACTs). MAGIC and H.E.S.S. inde-
pendently discovered VHE radiation from GRB 190114C and
GRB 180720B, respectively (Abdalla et al. 2019; Acciari et al.
2019a,b), revealing that GRB afterglows can produce photons
well above 100 GeV on timescales from minutes to hours after
the trigger. TeV emission was also observed from GRB 190829A
(H. E. S. S. Collaboration et al. 2021) and GRB 201216C (Abe
et al. 2023). For almost all of these events, there was a simultane-
ous detection of VHE and X-ray data. However, despite these re-
markable TeV observations, multiwavelength spectra remained
poorly constrained, given the absence of data in the MeV-GeV
range. The situation changed with the breakthrough detection of
the exceptionally bright "BOAT" GRB (Brightest of all time),
GRB 221009A, for which LHAASO observed TeV photons tem-
porarily coincident with the prompt emission phase through the
onset of the afterglow (Cao et al. 2023a,b). Data were available
for the first time across the full keV-TeV energy range (Williams
et al. 2023; Lesage et al. 2023; Tavani et al. 2023; Axelsson
et al. 2025; Abe et al. 2025a). A distinct second spectral compo-
nent was clearly identified and its peak energy was determined
(Banerjee et al. 2025). This continuous broadband coverage was
crucial for studying the prompt to afterglow evolution and for
constraining the microphysical parameters of the emitting region
(see also Derishev & Piran 2024; Khangulyan et al. 2024; Fof-
fano et al. 2024; Barnard et al. 2025). Early time VHE obser-
vations are still limited by large localization uncertainties from
triggering instruments, General Coordinates Network circulars
(GCN) delays, repointing of IACTs, and huge attenuation by ex-
tragalactic background light (EBL).

From an observational perspective, GRB triggering instru-
ments can be broadly divided into two main categories. The first
class consists of instruments providing precise sky localization,
typically at the level of a few arcminutes. This category includes
instruments such as the Burst Alert Telescope (BAT) onboard the
Neil Gehrels Swift Observatory (Swift), and new missions such
as the ECLAIRs telescope onboard the Space Variable Objects
Monitor (SVOM) and the Einstein Probe, which detect GRBs
of order ~50-80 per year. The second class is represented by
all-sky or nearly all-sky MeV monitors, such as the Gamma-ray
Burst Monitor (GBM), onboard the Fermi satellite, which de-
tects GRBs at a significantly higher rate (approximately a factor
of three more than narrow-field instruments) but provides poor
sky localization, typically spanning tens to hundreds of square
degrees. Given that GRBs are predominantly high-redshift phe-
nomena and that VHE emission is strongly attenuated by EBL,
only a small fraction of events are expected to be detectable at
TeV energies. Combined with the limited duty cycle of IACTs,
this implies that maximizing the number of GRBs followed up
is crucial for increasing the chances of detecting VHE afterglow
emission.

During the period between August 2008 and July 2024
(16 years), Fermi/GBM detected more than 3800 GRBs
(~238 GRBs/year), of which more than 75% (~2967 GRBs)
were localized by GBM alone, with error radii ranging from
1° to more than 10°. Among those, ~40% (~1500 GRBs;
>80 GRBs/year) are localized within 5°. Over the same
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Table 1: Typical localization accuracy achieved by the main in-
struments used for GRB detection during August 2008 — July
2024 (16 years). Localization errors are quoted as typical 90%
containment radii. The symbol "{" denotes the subset of GBM
detected GRBs which are localized by XRT or LAT.

Instrument Error radius GRBs detected
Fermi/GBM > 1° >2900
Fermi/LAT ~1° 149°
Swift/BAT 17-3’ 1271
Swift/XRT 17-5" 5567

period, Swift/BAT detected 1271 GRBs (~79 GRBs/year),
approximately half of which (~35/year) were also ob-
served by GBM. Swift localized a total of 556 GBM-
triggered GRB, either through joint detection with BAT (e.g.,
GRB 190114C) or through subsequent Swift / XRT follow-up
(e.g., GRB 230812B). Additionally, Fermi/LAT also detected
149 GBM-triggered GRBs, providing a localization precision
of ~1°, and 132 of these were localized within 5°. A sum-
mary of the typical localization accuracy achieved by different
instruments is reported in Table 1. Mostly, GRBs detected by
Swift/BAT are followed by ground-based IACTs such as MAGIC
and H.E.S.S. Given a typical duty cycle of ~10%, the number
of GRBs triggered by Swift/BAT that are potentially observable
by IACTs reduces to ~7-8 GRBs/ year, despite GBM trigger-
ing a factor of three more GRBs than BAT. Figure 1 shows the
distribution of sky-localization (error-radius) of GBM-triggered
GRBs which are localized by different instruments.

To address these challenges that limit the number of detec-
tions, it is critical to develop optimized observational strategies.
In this work, we simulate a realistic population of detected GRBs
informed by more than a decade of Fermi/GBM and Swift/XRT
observations, including distribution of prompt fluence, isotropic
energy, localization accuracy, redshift, and X-ray flux. We in-
vestigate how rapid tiling of large sky region can maximize the
probability of capturing early TeV emission. Our results pro-
vide quantitative examples for the VHE detection rates. We use
the observation-scheduling tool, tilepy (Seglar-Arroyo et al.
2024), together with sensipy (Green et al. 2026) for a realistic
estimate of the GRBs that can be detected following the pro-
posed method.

The paper is organized as follows: in Section 2, we dis-
cuss the methodology for constructing a synthetic GRB popu-
lation based on gamma-ray bursts observed by Fermi and Swift
over more than 15 years. The synthetic population is designed
to reproduce realistic observational properties, including coarse
localization from GBM (with localization information updated
in real time), accurate localization from Swift/XRT, and prompt
properties such as fluence (S,) and the isotropic-equivalent en-
ergy (Eiyso). In Section 3, we discuss the simulated TeV light
curve of the GRB in different energy bands. The detectors that
are relevant for our studies are discussed in Sect. 4. The main
results are presented in Sect. 5 and the observational strategy in
Sect. 6. We discuss the detection horizon of the TeV emission in
Sect. 7, and we draw the conclusions of our study in Sect. 8.
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Fig. 1: Information retrieved from https://heasarc.gsfc.
nasa.gov/w3browse/fermi/fermigtrig.html. The instru-
ments which localized GRBs that are detected by GBM are
mentioned in the legend. In total 2967 GRBs are localized only
by GBM. Sources with LAT err-radius more than 5° excluded
(17/3807; counted until 14 July, 2024; 16 years since the launch
of Fermi). GRBs localized with MAXI, MASTER, AGILE, IN-
TEGRAL, and IPN are included in the category "Other Instru-
ments". The FoV of IACTs is expressed as radii. Error radii less
than 0.1° are considered to be 0.1° for plotting.

2. Methods
2.1. Basic assumptions

To construct a synthetic population of TeV afterglows for a
dedicated GRB-triggering instrument, two main ingredients are
required. First, a phenomenological model describing the TeV
emission must be defined. We adopt the simplest and most com-
monly used framework for GRB afterglows, namely synchrotron
self-Compton (SSC) emission from non-thermal electrons accel-
erated at the relativistic forward shock formed by the interaction
of the jet with the circumburst medium. This model relies on sev-
eral assumptions concerning the density profile of the circum-
burst environment, the microphysical parameters of the shock,
and the energy distribution of the accelerated electrons.

By construction, this approach neglects several potentially
important physical processes, including magnetic-field inhomo-
geneities in the downstream region (Khangulyan et al. 2023;
Groselj et al. 2024), self-regulation of the shock due to elec-
tron—positron pair production (Derishev & Piran 2016, 2019),
early pair-loading effects (Thompson & Madau 2000) in the cir-
cumburst medium in the initial phase of the afterglow (Mészéros
et al. 2001; Kumar & Panaitescu 2004; Beloborodov 2005;
Ramirez-Ruiz et al. 2007; Ghisellini et al. 2010; Nava et al.
2013). In building a simple synthetic population of long-GRB
TeV afterglows, we ignore these effects and assume a simple adi-
abatic forward shock propagating into a wind-like medium. Fur-
thermore, we assume that the normalization of the wind density
profile is similar for all long-GRB progenitors, that the shock

microphysics is universal across the population, that all bursts
are observed on-axis, and that the prompt-emission efficiency is
the same for all events. Under these simplifying assumptions,
the observed VHE afterglow light curve depends only on the
isotropic-equivalent energy released in the MeV prompt emis-
sion, Ejs,, and on the source redshift, z.

The second ingredient is to build the GRB population ob-
served by a given triggering instrument. MeV instruments dif-
fer in duty cycle, effective area, and localization cadence and
accuracy. Given the large statistical sample accumulated by
Fermi/GBM over nearly 16 years of operation, we focus on this
instrument. Several studies have inferred the intrinsic popula-
tion of long-duration GRBs in terms of their luminosity func-
tion, cosmic formation rate and the jet properties (Firmani et al.
2004; Wanderman & Piran 2010; Salvaterra et al. 2012; Pescalli
et al. 2015; Petrosian et al. 2015; Salafia et al. 2015; Palmerio &
Daigne 2021; Ghirlanda & Salvaterra 2022). VHE afterglows are
strongly affected by attenuation due to EBL-absorption, particu-
larly above ~ 200 GeV, and above redshift 0.3. As a result, pop-
ulation models relevant for VHE studies must accurately predict
the rate of low-redshift events, which are expected to dominate
the observable TeV afterglow population. We further note that
modeling the low-redshift GRB population is particularly chal-
lenging. Slightly off-axis jets are likely to contribute at low red-
shift, but our understanding of prompt emission outside the jet
core remains limited. Moreover, the observed sample of GRBs
with measured redshifts is biased, due to the reduced efficiency
of detecting and localizing faint bursts - peak flux typically be-
low ~ 4 ph cm~2 s~!. To mitigate these limitations, the model de-
pendence of intrinsic low-z GRB populations and the biases af-
fecting observed redshift samples—we adopt the following strat-
egy. We first construct an empirical (Ejy,, z) distribution based
on the observed population of Swift- and Fermi-detected GRBs,
which provides an estimate of the population of observable VHE
afterglows in one year of Fermi operation.

2.2. Sample selection

In order to investigate the proposed strategy of scanning the lo-
calization of GBM-detected GRBs, we collected a sample of
GRBs detected by Fermi/GBM, and a sample of GRBs with
measured redshift. The GRBs with known redshift information
are available in the Greiner catalog'. The Greiner catalog is a
compilation of GRBs with measured redshift which is regularly
updated. It includes well-localized GRBs for which redshifts
have been determined from optical afterglows, host galaxies,
or other spectroscopic observations. It currently contains about
697 GRBs, which in this study represent the population of GRB
named P;. In order to obtain precise sky localization informa-
tion, we also built a catalog of GRBs detected simultaneously
by Swift/XRT and Fermi/GBM. We discuss the details of the ob-
servables obtained from XRT and GBM in the following sub-
sections.

2.2.1. Fermi/GBM

GBM triggers on about ~240 GRBs per year, delivering rapid
onboard and ground refined localizations distributed through
GCN notices and circulars. We collected the fluences (S,) of
the Fermi/GBM detected GRBs up to July 2024 from the GBM

"https://www.mpe.mpg.de/~jcg/grbgen.html
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Fig. 2: Flowchart for preparation of the GRB catalog. See Sect.
2.3 for details.

catalogz. The resulting distribution, which includes 3807 GRBs,
is represented by the skyblue histogram in Fig.1. This popula-
tion of Fermi/GBM GRBs, named in the following P,, peaks at
S, ~3x 107% erg cm~2. In addition, the GBM observations pro-
vide information regarding the isotropic-equivalent prompt en-
ergy EISO, coarse GBM sky-localization, trigger time, the exact
arriving time and information from the GCN notices/circulars.

2.2.2. Swift/XRT

For the purpose of this study, we selected a sample of GRBs
with simultaneous detection with XRT and GBM, which de-
fines the population Ps. In particular, from this joint population
it is possible to access the afterglow X-ray light curves in 0.3-
10 keV and high-precision (arc-second) localization. A subset
of 110 GRBs in this joint sample has measured redshifts, taken
from the Greiner catalog. To investigate common behaviors in
the X-ray afterglows of GRBs, we analyzed the temporal evo-
lution of the XRT light curves (LCs) for the GRBs in our joint
XRT-GBM sample. P4 is a subset of GRBs in P; with a mea-
sured redshift, used for characterizing the temporal decline of
X-ray light curves (see Fig. A.1). Among the 370 GRBs jointly
detected by XRT and GBM, 27 are short GRBs (7-8% of the
sample), and 100 GRBs exhibit flares (~ 27% of the sample),
consistent with population studies (Tiwari et al in prep.) indi-

’https://heasarc.gsfc.nasa.gov/w3browse/fermi/
fermigtrig.html
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cating that roughly one-third of GRBs display X-ray flares. Fol-
lowing D’ Avanzo et al. (2012), we normalized the XRT flux by
the GBM fluence. The resulting clustering in normalized flux
highlights the general temporal trends in X-ray afterglows and
provides a framework to compare our joint XRT-GBM sample
with previous studies.

2.3. Synthetic population of GRBs

To generate a synthetic GRB population, we begin with two ob-
served datasets: the complete Fermi/GBM GRB population P,
and the full redshift catalog compiled by Greiner P;. These serve
as empirical priors for sampling the prompt emission properties
of the mock population. Our goal is to produce a sample of long
GRBs that is representative of one year of Fermi/GBM detec-
tions, while retaining realistic properties such as fluence, red-
shift, E and sky localization.

The procedure is illustrated in the workflow shown in Fig. 2.
We randomly extracted 500 fluences from P, and 500 redshifts
from P;. For each pair (S, z), we computed the isotropic equiv-
alent gamma-ray energy as

ey

and applied a detectability cut based on the Ey ,—Z relation in
Fig. 18 of Ajello et al. (2019). Only pairs above the detectability
line were retained.

Next, to create a population corresponding to one year of
GBM observations with realistic sky localization, we use popu-
lation P;3. For each pair accepted in (S, z), we search in P3 for
a real GRB with similar fluence. When a match is found, the
simulated GRB inherits the real GRB’s GBM trigger time, GCN
Notices, GBM sky localization information, and XRT accurate
localization. This guaranties realistic sky positions fully consis-
tent with GBM observational constraints. Finally, we randomly
selected 220 GRBs from these matches to form the final mock
population of a year of long GRBs observed by GBM: Ps.

In summary, each entry in Ps includes fluence, Ejs,, red-
shift, GBM localization, and XRT localization. The matching
real GRB also provides its corresponding XRT afterglow light
curve, allowing for a direct comparison between the simulated
population and the real XRT-GBM sample. The redshift and flu-
ence distributions of Ps are shown in Fig. C.1 alongside those of
P and P, respectively, to illustrate the consistency between the
simulated and observed population. In Fig. 3 we further demon-
strate the consistency of Ps by comparing the Eiyso vs z distribu-
tion with the GBM detectability limit. A detailed discussion of
the E7 -z relation is provided in Lesage et al. 2023.

Although the sample of GRBs with measured redshift is
known to be observationally biased toward events with brighter
afterglows and successful optical follow-up, this bias does not
affect the aims of this work. Our goal is not to reproduce the in-
trinsic cosmic GRB population, but rather to simulate a realistic
scenario of one year of GRB observations of Fermi/GBM. For
this purpose, an observationally biased redshift distribution re-
flects the subset of GRBs for which multiwavelentgh follow-up
is feasible in practice. Moreover, after pairing each fluence with
a redshift from this distribution, we require the event to satisfy
the GBM detectability condition derived from the Eiyso-z rela-
tion. This ensures that only physically plausible GBM detectable
GRBs are retained, preventing the bias from introducing unreal-
istic faint high redshift events.
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Population  Characteristics Number Product Source
Py GRBs with redshift 697 Redshift distribution Grainer catalog
P, GBM detected GRBs 3807 S,, Trigger info., AQggm GBM catalog
P; GRBs (XRT+GBM) 370 S,, Trigger info., AQgem, AQxrT, Fo3-10kev (tobs) -
P, P5; with redshift 110 Redshift distribution -
¥ - .
Ps Mock catalog 220 Sy, Eip, Trigger info,, B

AQgpm, AQxrT, Fo3-10kev (tobs)

Table 2: populations of GRBs that lead to the mock catalog of GRBs. See Sect. 2.3 for details.

Eiso [ergl]

e population this work

2 4 6 8 10

1+z

Fig. 3: The simulated 220 long GRBs (red points) and the sensi-
tivity limit of Fermi/GBM (blue broken line) from Lesage et al.
(2023).

3. Modeling of GRB afterglow

Following the framework outlined by Tiwari et al. 2025 and
Banerjee et al. 2025, we specifically utilized the leptonic
component of the Lepto-Hadronic Modeling Code (LeHalMoC;
Stathopoulos et al. 2024), LeMoC>. The spectral shape in after-
glow is governed by synchrotron and inverse Compton radiation
from power-law distributed electrons accelerated at the forward
shock front. Particle injection takes place within a region of ra-
dius R,, in a magnetic field of strength B.

We consider that the proportion of total energy in the
shocked region used to accelerate electrons into a power-law dis-
tribution (&) and to enhance magnetic fields (eg) remains con-
stant over time. The electrons injected and accelerated by the
shock follows a power-law distribution (denoted by dN/dy o
v."), wherein p and y denote the spectral index of the electrons
and the electron Lorentz factor, respectively. We further assume
that the index p does not evolve over time.

Within the synchrotron self-Compton (SSC) framework, pre-
viously reported studies on long gamma-ray bursts (long-GRBs)
indicate that the parameter set p ~ 2.3, ¢ = 0.1, eg ~ 1074,
and a wind-like circumburst medium successfully reproduces the
observed simultaneous X-ray and GeV emissions (Tiwari et al.
2025). It is important to note that both the prompt emission ef-
ficiency is taken to be 10%. This particular set of parameters is
also adopted for predicting the VHE emission in afterglows.

3LeMoC (https://github.com/mariapetro/LeHaMoC) enables
the calculation of energy losses in leptons due to processes like syn-
chrotron radiation, inverse Compton (IC) scattering, synchrotron self-
absorption, adiabatic losses, and photon-photon absorption.

3.1. EBL attenuation

The unabsorbed intrinsic spectra of the simulated GRBs are esti-
mated between 20 Ge V-5 TeV as previously described. We apply
further attenuation due to EBL, which absorbs high-energy y-ray
photons through pair production with low-energy EBL photons
along the line of sight. The observed spectra are therefore mod-
ified with an exponential suppression term, e~ ™59 | such that

E>
FObS —_ f E d_N
e, dE

Ei.E, — exp[_Tyy(E7 z)] dE,

@)

where 7, ,(E,z) is the optical depth predicted by the EBL
model proposed by Dominguez et al. 2011 for a specific redshift
zand at energy E, and g—g is the intrinsic photon spectrum derived
from the model presented in Sect. 3. The energy bounds E; and
E; define the range over which the observed integral flux (Fgl?sz)
is computed.

To implement the EBL attenuation in practice, we used the
TemplateSpectralModel function provided by Gammapy (Do-
nath et al. 2023). For each time step, the intrinsic photon spec-
trum of the GRB was provided as input to a template spectral
model incorporating the EBL attenuation from Dominguez et al.
2011. The model automatically evaluates the energy-dependent
optical depth and applies the corresponding absorption factor
across the entire energy grid. This procedure ensures a consis-
tent and accurate computation of the EBL-suppressed spectra
and light curves for all GRBs in our simulated sample.

4. Observatories

For this study, we focus on ground based atmospheric Cherenkov
telescopes, such as ASTRI (Vercellone 2024; Vercellone et al.
2022), LACT (Zhang et al. 2025) and CTAO (Acharya et al.
2018) (see Tab. 3). Throughout the paper, we discuss results
based on CTAO-N alpha-configuration that comprises the Large-
Sized Telescope (LSTs), the Medium-Sized Telescope (MSTs)
and the Small-Sized Telescope (SSTs). Figure 4 shows the differ-
ential flux sensitivity of the telescopes for an integration time of
50 hours. We note that the energy threshold of LACT is quoted as
250 GeV in Zhang et al. (2025) for a zenith angle of 20°. How-
ever, for this study, we assumed a simple extrapolation to 200
GeV for comparison with other facilities. The short slew times
and broad energy coverage make these observatories well suited
for rapid follow-up of GRB alerts from Fermi/GBM, enabling
the detection of the VHE emission. For example, CTAO will
typically repoint in less than 30 s* and provides sensitivity over
a wide energy range, from approximately 20 GeV to 300 TeV.
Since the field of view of the pointing telescopes (LACT, ASTRI,

“The 30 s represent the fastest slewing time, which is specifically
valid for the LSTs. We note that the slewing time of the MSTs and
SSTs can be up to about one minute.
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IACT Band [TeV] 20GeV 200GeV 1TeV Field of View Fastest Slew Location Duty Cycle
CTAO-N  0.02-300 ~45°-8  <30s(LST) La Palma (Spain) ~10%
ASTRI ~05-10 N N 10° ~60s Tenerife (Spain) ~ 10%
LACT > 0.2 [ | ~10° - Daocheng (China) ~ 10%

Table 3: Summary of the detectors used in this work. The color-bars in coloumn 3, 4, and 5 indicate the accessible energy bands of
each detector, where the green- and red-bar indicate the accessible and not-accessible energy bands, respectively. References for the

different observatories listed here are reported in Sect. 4.

Differential sensitivity for 50 hours

‘\ —— ASTRI
10—11_ \ = = CTAO-N
\\ — - LACT
\ LHAASO
\
T \
(7]
N \ \‘
5 \ \
o \
9 107121 \ \‘
s \ \,
\
E o\
\\ \
\\\ \-~.;-/"'
\\n_—/
10713 . ,
107! 10° 10!

Energy [TeV]

Fig. 4: The sensitivity curves for ASTRI (Scuderi 2024), LACT
(Zhang et al. 2025), and LHAASO. In addition, we also show
the sensitivity of CTAO-N (obtained from CTAO performance
documentation). All the sensitivities are obtained under standard
assumptions, such as, dark sky condition, low zenith angle (20°)
and high atmospheric transmission.

and CTAO-N) remains limited (diameter of 4° — 10°), the well-
localized GRB-triggers are typically prioritized. The sensitivity
of these pointed telescopes is significantly higher in the 0.2-
1 TeV energy range than that of LHAASO, a water Cherenkov
particle detector. Nevertheless, LHAASO benefits from an ex-
ceptionally high duty cycle (>95%) and a substantially larger
field of view (FoV). Thus while LHAASO can monitor a large
number of GRBs, achieving a detection significance above So
remains a challenge, mainly due to limited sensitivity at ener-
gies below 1 TeV. Therefore, in this work, we discuss the capa-
bility of pointing-telescopes to scan the patch of the localization
of GBM-detected GRBs.

5. Results

5.1. Temporal behavior of simulated TeV emission and
observed X-ray data

Based on the mock-catalog (Ps, see Sect. 2.3) and using intrinsic
properties of the long GRBs (see Sect. 3), we derived the light
curves and time-resolved VHE spectra. We consider the energy-
integrated light curves in the range 0.02-5 TeV, shown in the top-
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left panel of Fig. 5, as well as light curves evaluated at specific
energies: 20 GeV, 200 GeV, and 1 TeV, shown in the other panels
of Fig. 5. In Fig. 6 we show the temporal evolution of the X-
ray afterglow light curves (observed with Swift/XRT) and the
simulated intrinsic VHE light curves, both normalized with the
prompt fluence (S,) associated to the simulated GRBs. We note
that, similar to the X-ray emission, the TeV light curves tend to
cluster, indicating a relatively uniform scaling with the prompt
energetics. Moreover, the TeV and X-ray light curves show a
strong correlation in both normalization and temporal behavior
during the early afterglow phase: both bands initially decay with
a comparable power-law slope, consistent with the expectation
that the same population of shock accelerated electrons drives
both synchrotron (X-ray) and IC (GeV-TeV) emission. This is
expected due to the choice of intrinsic parameters, eg ~107*, p=
2.3, the efficiency of prompt 7 ~ 0.1 and €, ~ 0.1 as described in
Sect. 3 and Tiwari et al. 2025). In the Table B.1 we compare the
microphysical parameters inferred from the modelling of VHE-
detected afterglows by different authors.

Interestingly, at later times (after 3 ks), the TeV flux declines
rather rapidly than the X-ray emission, which has a shallower
decay. This divergence can reflect different factors, including de-
creasing efficiency of IC emission as the blast wave slows down,
and it was also observed in some of the TeV detected GRBs,
such as GRB 190829A (H. E. S. S. Collaboration et al. 2021), for
which an evident difference in the flux levels in X-ray and TeV
has been observed®. We further note that the afterglow model
used in this work is based on the synchrotron self-Compton sce-
nario, which does not include additional physical processes, such
as hadronic contributions, evolving microphysical parameters®,
or delayed energy injection) which might impact the TeV light
curves at later times. Therefore, the faster decline of the TeV flux
at later epochs may also reflect the limitations of our simplified
approach.

5.2. Fraction of detectable GRBs

We convolved information on the sensitivity of TeV detectors,
such as LACT, ASTRI and CTAO-N; see Fig. 4) with the sim-
ulated light curves of GRBs (see Sect. 3) from the population
of GRB (see Sect. 2.3). The minimal latency of observation has
been set to 100 s (Tgbs). Here, we present two different methods
to estimate the detectability of GRBs:

a) Absence of a publicly available instrument response func-
tion (IRF). This is true for the instruments ASTRI and LACT.
In this case, we used the differential sensitivity as presented in

5 Although the temporal decay indices in X-rays and VHE y—rays
are similar, the ratio between the fluxes at ~20ks is a factor of three less
in VHE y-rays (0.2-4 TeV) as compared to the X-rays. See H. E. S. S.
Collaboration et al. 2021 for details.

For example, the pair balance model, See Derishev & Piran 2021
for details.
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Fig. 5: The simulated light curve of the synthetic population of GRBs in 0.02-5 TeV (energy integrated light curve; top left), 0.02
TeV (top right), 0.2 TeV (bottom left) and 1 TeV (bottom right). The time resolved SEDs are computed at each points on the light
curve which are further used for obtaining the EBL absorbed (observed spectra). The color bar on the right indicate the redshift of

the GRBs.

Fig. 4 and scaled the limiting flux assuming that the sensitivity
scales are t;0;° (see Eq. 3), the exposure time of the observation.

b) For CTAO-N, since IRFs are publicly available (CTA Ob-
servatory & CTA Consortium 2021)’, we used the public sim-
ulation tools sensipy (Green et al. 2026) and tilepy (Seglar-
Arroyo et al. 2024) to estimate the detectability and design a
realistic observational strategy for CTAO-N energy range. The
details of the procedure are presented in Sect. 6.

In the following, we describe a generic approach to obtain
the number of detectable GRBs based on differential sensitivity.

5.2.1. Using differential sensitivity

We have considered the flux limits of the sensitivity curves as
shown in Fig. 4. The differential flux sensitivity (FiT) for a
shorter exposure of AT is calculated using the following equa-
tion.

AT 3

"https://zenodo.org/records/5163273

. t -0.5
ex €X]
F*(E) = Fin(B) x (—P) ,

where Fﬁ;(E) is the flux sensitivity bound from Fig. 4 at the
energy E for an observation period of AT = 50 hrs. We assumed
that the sensitivity varies as t™'/2, where t is effective ON® time.
Fﬁgl(E) denotes the flux sensitivity for the on observation time of
At

We compare the flux for each GRB (Ft]j:"mo o1 88 derived from
the modeling described in Sect. 3) in our sample (see Sect.
2.3) at energy E (20 GeV, 200 GeV and 1 TeV) at a time
tobs = A/t X (tL + texp) With the sensitivity limit, F:?::(E), with
exposure te, at a specific energy E. We consider a detection if

F‘é’bsno Gl > F;f;‘;(E) is satisfied. We simulate this detection sce-

narios with a distribution of latency time (t;; 10%s — 10*s) and
exposure time (on source time: texp; 10's — 10%*s) at two different
energies: 200 GeV and 1 TeV.

We consider two energy bins: 200 GeV and 1 TeV. This se-
lection is based on the energy threshold of the IACTs depending
on the zenith angles. The energies 200 GeV and 1 TeV corre-
spond to the low (5°-35°) and/or medium (35°-50°) and high-

8The ON time is defined as the total effective exposure time after
applying the data-quality cuts.
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Fig. 6: The intrinsic VHE light curves of simulated 220 long
GRBs in the energy range of 20 GeV-5 TeV. The shaded region
indicates the XRT clustering.

zenith (> 50°) cases, respectively. Through this method we dis-
cuss the detectability of sources assuming that they are followed-
up with a latency of t; without a duty factor of the IACTs. Fig. 7
and Fig. 8 present the fraction of detectable GRBs as a function
of the latency time and the exposure time for the two energies
200 GeV and 1 TeV, and for the different observatories consid-
ered in this study.

6. Observation strategy
6.1. Localization Information

For each GRB of our mock sample Ps (see Tab.2), we provide the
following information: fluence (S, ), isotropic equivalent energy
in prompt (E%'SO), sky-localization from Swift/XRT (arc-minute
accuracy; AQxgr) along with trigger information such as updates
on the sky-localization information from GCNs from GBM trig-
gers (AQgpm) and the arrival time of the notices. Right after a
discovery of a GRB, three different notices are sent:

— Flight Position Notice (fl): First on-board estimate of the na-
ture of the transient arriving at with a latency of tg with a
localization radius Ry.

— Ground Position Notice (g): Refined ground-based position
announced at time t, with a localization radius of Rg.

— Final Position Notice (fi): Updated localization with radius
of Ry arriving with a latency of t5. A full HEALPix sky map
is released hours after the trigger, enabling credible regions
at 50% and 90%. If the GRB is detected with instrument
(such as Swift/BAT) that localizes the transient within arc-
minute localization, the final position is not announced.

Multiple flight/ground notices are communicated for a single
burst through GCN notices. However, for this study, we consider
only the first ones. For all notices (fl, g, and fi), we extract the
center of the localization (RA, Dec) and 1o error radius. Since
GBM reports circular error regions, we model them as circular
Gaussian patches on the sphere. To build a realistic observation
scenario, our mock catalog exploits the localization information
of real GRBs extracted from the GCN archive’.

°https://gcn.gsfc.nasa.gov/gen/fermi_grbs.html
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Fig. 7: Heatmap showing the detectability of the GRBs in the
mock catalog at 200 GeV for LACT and CTAO-N. The latency
(t.) and the exposure time (texp) of the observations are indicated
in the horizontal and the vertical axes. The color-bar indicates
the fraction of GRBs detectable for a combination of the latency
time and the exposure time.

In order to focus our analysis on poorly localized
Fermi/GBM events, we exclude the GRBs detected with
Swift/BAT (~35-40 GRBs/year) which are also seen by
Fermi/GBM. This represents around ~15% of the GRBs seen by
GBM but localized jointly with BAT. The target GRBs for this
study remains 85% of the total GRBs seen by GBM. A more
detailed statistical description of the trigger quantities of the ar-
rival time of the notices and the error-region estimates are given
in appendix Sect. D.1.

6.2. Estimates of number of GRBs discovered per year using
differential sensitivity at single energies

To estimate the number of detectable GRBs, we make use of the
fraction of GRBs discoverable per year depending on the latency
and the exposure time presented in Figs. 7 and 8, to predict the
number of observable GRBs per year with a fixed exposure of 2
and 5 minutes, given the duty cycle of each detector presented in
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Fig. 8: Same as Fig. 7 for ASTRI, LACT and CTAO-N.

Sect. 4. For the ground based facilities, we assume a duty cycle
of about 10%.

We make use of the individual light curves of the GRBs as
shown in Fig. 5 for a fixed energy bin E. With two specific ex-
posures of 2 minutes and 5 minutes, we compute the number of
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Fig. 9: Number of detectable GRBs by CTAO-N, ASTRI and
LACT for energies 200 GeV and 1 TeV and for two exposure
times of 2 mins and 5 minutes.

pointings that can be executed before the source flux Fi(tops)'’,
where i represents a single GRB, decreases below the hmltmg

flux, Fti“pzzm/sm(E) (see Eq.3). In addition, for each GRB, we

lim
take into account only the GBM-localization obtained from the

ground notice (g) with 1o (AQGBM 1) and 20 (AQGBM 25) SKy-
localization error computed using the error-radius presented in
Fig. D.2. Regardless of the source brightness, a total of 25 point-
ings are performed, corresponding to about one hour window
after which the flux of the source becomes too weak for ground-
based detection (see, e.g., Fig. 7). For bright GRBs, we com-
pute Ni , the number of pointings during which the flux remains
above threshold. Using these two information and the FoV of
the instrument (®%/7

A Inet)» WE compute two probabilities: pilg and
P),» defined as:

i O X N
Pioj2e = —Ale 4
GBM,10/20

If the flux is always below the threshold, a null probability is
assigned to the source (Piu; 1o = 0). In order to compute the total
number of GRBs that can be detected by VHE instruments, we
sum the probabilities in Eq. 4 over all the GRBs in the sample.
These values are further reduced by the instrument duty cycle
(D ~0.1) and by the probability that the true source location falls
within the 1 o (G%E ~039o0r20 (G%E ~ 0.89) GBM localiza-
tion region. Hence the total number of GRBs that can be poten—
tially detected through the proposed method is about NGBM Lo/20
depending on the strategy of covering 1o or 20 error-region as
stated below in Eq. 5.

"

10Here and throughout the paper, "i" indicates a single GRB.
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Inst. [g)jg%] filo\(f)HsE max  NGBM NGIII?M
ASTRI 25 0.02 020 0.15
(oL.iA‘ "IE:e{/) 20 0.13 0.60  0.40
(1L.66‘ "IE:el;/) 20 005 027 023
(CO.TzATC;-Vl\g 15 0.28 1.40 098
(CIBATC;_VI\g 15 0.06 031 027

Table 4: Yearly detection rates of GRBs in the very-high-energy
band for different IACT configurations. The effective field of

view d)iit, the maximum detectable VHE fraction at 100s

ldog?E M3 and the number of GRBs detected following the pro-
cedure proposed in this work with exposures of 2 min and 5 min
(NGBM NGBM)

2m °
Ngam

d,VHE i 2D

NGBM lo/20 — Z pl(r/Z(r X DIHSl X elo’/2()’ (5)

i=1

We chose three detectors: CTAO-N (200 GeV and 1 TeV),
ASTRI (1 TeV) and LACT (200 GeV and 1 TeV) and their cor-
responding effective'' FoV ((D ) from Tab. 3. With a total num-
ber of Fermi/GBM-triggered GRBs that will potentially be fol-
lowed, NOBM 220, we compute the number of GRBs with
discovered VHE counterparts as shown in Eq. 5.

According to the procedure mentioned above, we calculated
the total number of GRBs detected by ASTRI, LACT, CTAO-N
and based on the tiling strategy. The tiling strategy alone pro-
vides a detection of about 1 GRBs/year considering 2 minutes or
5 minutes exposure for LACT and CTAO-N for an energy band
of 200 GeV. The detections at energy band of 1 TeV for ASTRI,
LACT and CTAO-N are about 0.3/year.

Furthermore, assuming a detection rate of 80 GRBs per year
with a Swift/BAT-like instrument that delivers well-localized
events with D = 0.1, the number of GRBs that can potentially be
observed is about 8 per year. In addition, the fraction of GRBs
that ASTRI can detect at 1 TeV is approximately 0.02 (see Fig.
8), given a shorter observational latency of less than 2 minutes.
Combining these factors, ASTRI is expected to detect about 0.16
GRBs per year at 1 TeV from localized triggers alone, which is
slightly lower than the rate predicted in this work. For LACT,
the fraction of GRBs that are detectable at 200 GeV is about 0.1
(see Fig. 7). With the same duty cycle (D = 0.1), the number of
localized GRBs that can be discovered is about 0.8 per year. This
number is comparable with the detection rate of LACT that can
be achieved following the method proposed in this study. In case
of CTAO-N, we do not provide the number of possible detections
for well-localized GRBs, which is the subject of a CTAO Col-
laboration publication currently in preparation that takes into ac-
count the complex responses of the different sub-systems: Small-
Sized, Medium-Sized, and Large-Sized Telescopes.

n this calculation, we considered half of the FoV of the instrument
as the effective FoV. Since the sensitivity of the detectors at the edge of
the IACT-camera is significantly reduced, we considered a narrow FoV
to have more realistic estimates of detection.

Article number, page 10 of 20

10800 - o7
6107 -
06

05
I 0.1

0.0
Fig. 10: Detectability heatmaps for CTAO-N as a function of la-
tency #; and exposure time fexp. The color scale represents the
fraction of GRBs in the sample which are detectable at 5o by
each observatory given their time-dependent spectra. Each of
the 220 events from the mock catalog is processed with IRFs
for three different zenith angles (20, 40, and 60 deg), meaning
that each cell of the heatmap is a fraction over 660 simulated ob-

servations. Lastly, after a cutoff around #;, ~ 30 min, nearly the
entire population of GRBs is no longer detectable.
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6.2.1. Using time-dependent spectra

Due to the need for multiple different telescope pointings to
cover the uncertainty region of poorly-localized GRB events, it
is necessary to understand the relationship between detectability
and the latency (#;) from the onset of the GRB emission. Given
that the afterglow models from Section 3 contain time-dependent
spectra, we can produce even more robust estimations of this re-
lationship for instruments with publicly-available IRFs. Using
the open-source simulation tool sensipy (Green et al. 2026,
based on Patricelli et al. 2018) and the CTAO Alpha Configura-
tion IRFs (CTA Observatory & CTA Consortium 2021), we can
estimate the observation time required for 5 o detections given
various latencies, which take into account the entire spectral en-
ergy range of the LC simulations.

More specifically, we map the integration time required for a
significant detection (507) as a function of the delay since the on-
set of the GRB. Establishing this relationship enables rapid fea-
sibility assessments based on latency. Beyond individual event
analysis, this population study reveals the impact of specific ob-
servational factors on detectability and provides the necessary
input to optimize the strategies presented in Section 6.

To quantify this, we calculate the detection time, 4, by find-
ing the specific exposure duration, z.x,, where the average flux of
the source equals the CTAO-N 50 sensitivity threshold. Mathe-
matically, we solve for the ., that satisfies the equilibrium con-
dition (see Green et al. 2026).

Favg(texp; i) = FCTAOSO—(texp)

(6)
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Here, the time-averaged flux over the observation window is
defined as:

S (fexps 1)
Favg(texp; ) = L, @)

exp

where S represents the fluence of the accumulated intrinsic
source:

lL'Hexp Emax
S (texps 1) = f f O(E, 1) EdE dt;. 8
t E,

min

In these expressions, ¢(E,t) denotes the time-dependent
spectral model detailed in Section 3, integrated over the energy
limits Eyin and Ep,x corresponding to the IRFs. For the temporal
integration limits, we define #y = O as the time of GRB onset.

Figure 10 contains so-called detectability heatmaps, which
indicate the fraction of events from the overall sample that are
detectable as a function of #; and Zexp. Importantly, the presence
of both LSTs and MSTs allows CTAO-N to detect more events,
particularly at latencies shorter than ~ 10 min. In addition, after
latencies around ~ 30 min, nearly the entire GRB population is
no longer detectable by either site.

1300x1300 pix

1 '/pix,

(299.883,-29.914)

e

3.08e-10 83.6
Fig. 11: Simulated follow-up observation strategy for the Ground
reconstruction (arrival time 22:21, orange tiles) and Final recon-
struction (arrival time 22:30, black tiles) of the same Fermi-
GBM GRB, GRB 210731931. The GRB Final localization is
presented in the background to show the coverage of the GRB
Ground-alert strategy, used as input to derived the GRB Final-
alert strategy. Numbers corresponds to the ground (yellow) and
final (white) campaign on each localization, which together rep-
resent the full observing campaign. The radius of the telescope
FoV of the pictures correspond to FoV,44,s = 2.5°, emcompass-
ing approximately half of the nominal telescope sensitivity. The
contribution from the outer FoV region is omitted for clarity.

Pointing duration [min] 2 5

FoV [deg] 2.5

N. follow-ups 35 39 31 37
N. follow-ups (with cuts) 7 9 6 9
N. detected 1 4 1 3
Percent det. [%] 0.5 2.0 0.5 1.5
% det. (with cuts) 143 444 167 33.3
Avg. time to det. [min] 18.0 152 450 25.1
Avg. pre-trial sig. [o7] 46.2 388 11.2 205

Table 5: Tilepy results for sources with follow-ups. A similar
subset of events are followed up for each pointing duration and
FoV pair. By applying strict filters on which events are chosen
for observation, we can further reduce the number of follow-ups
without losing any detectable events, leading to a more efficient
campaign. In this case, the selected cuts are zenith angle < 50 deg
and latency #;, < 30 min. Generally, shorter pointing durations
accelerate source acquisition, enabling earlier detections and en-
hanced pre-trial significance.

6.3. Scheduling observations with tilepy

Simulation of follow-up campaigns were carried out for the
CTAO-N site using tilepy (Seglar-Arroyo et al. 2024). Four
observation campaign are designed based on the insights ob-
tained in previous section - we combine two fixed pointing dura-
tions of 2 and 5 min, and two array FoV radius of 2.5 and 4 deg.
The entire GRB catalog is simulated for each combination of the
aforementioned parameters. The choice of pointing durations is
motivated by Figs. 7, 8, and 10, where we note that the optimal
exposure time has to be shorter in order to optimize the detec-
tion (see also CTAO Collaboration 2026). In addition, the re-
sults indicated in Sect. 6.2.1 indicate that after a cutoff of around
~30 min, most GRBs in the sample are no longer detectable by
CTAO-N. The FoV radius of 2.5 and 4 deg chosen correspond to
the effective FoV of CTAO LSTs and MSTs, respectively. An ex-
ample of the scheduling of the observations is shown in Fig 11.

After computing the list of pointings for each event with
tilepy, the sensipy package is once again used a posteriori
to determine whether each source is detected. In addition, the
significance of detection in each successful pointing, as well as
the cumulative significance in case observed regions overlap, is
calculated. In this simulated year of events regardless of the cho-
sen configuration, between 30-40 follow-ups are carried out, and
a maximum of 4 of those events are detected above 50-. With the
2.5 deg FoV configuration, only a single event is detected, illus-
trating how the wider FoV of the MSTs play a crucial role in
increasing detection rates.

Although we cannot increase the number of events per year,
we can increase the efficiency of our follow-up campaigns. By
restricting follow-up observations with cuts in observability pa-
rameters, we can maximize the ratio of detected events with re-
spect to the total number of follow-up observations. In particular,
we found two cuts that optimize this ratio: zenith angle < 50 deg
and latency ¢, < 30min. In applying these cuts, we effectively
eliminate 75% of follow-ups that are not likely to result in a de-
tection and optimizing the use of telescope time.

We also see that the 2-minute pointing campaign led to de-
tections 40-60% sooner compared to the 5-minute campaigns. In
addition, we find that on average the significance of detections
doubles in the 2-minute scenario. Due to the rapidly decreasing
flux in the simulated spectra, these data show that it is important
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to cover as much of the uncertainty region as quickly as possible
in order to optimize the number of detections. Lastly, we note
the necessity of a real-time analysis (RTA), which can properly
understand when signal is seen to stop the tiling and continue ex-
posing the source location. The results of these follow-up cam-
paigns are summarized in Table 5.

7. Discussion and Conclusions

The aim of this study is to assess the feasibility of detecting very-
high-energy emission from poorly localized GRBs using a real-
istic strategy tailored for sources detected by wide field gamma
ray instruments such as Fermi/GBM. While GRBs are among
the most luminous explosions in the Universe, the detection of
their VHE counterparts is still challenging. So far, GRBs follow-
up observations have been highly biased towards well-localized
GRBs (Abe et al. 2025b). Although the observational strategy is
straightforward, the number of triggers is a factor of three less
than that of the MeV detectors. To maximize scientific return,
we present an optimized observational strategy based on rapid
tiling, designed to benefit from large number of GRBs detected
by MeV detectors, which are typically poorly-localized.

We emphasize how ground-based atmospheric Cherenkov
telescopes requires complementary observational strategies in
GRB follow-up with both well-localized events ((Bernardini
et al. 2021) and CTAO consortium paper in prep.) (localization
better than an arcminute, typically from hard X-ray instruments
such as Swift/BAT) and poorly localized events (error regions of
several square degrees, typically from MeV instruments such as
Fermi/GBM). The next generation of ground-based IACTs, in-
cluding ASTRI, LACT and CTAO-N will offer outstanding sen-
sitivity in the 0.02-5 TeV range and, thanks to their significantly
larger fields of view, will allow the follow-up of not only well-
localized GRBs but also those with larger localization uncertain-
ties. Nearly all of these facilities can respond rapidly to external
triggers, with typical slew times of about 30s to a minute, and
provide broad energy coverage. However, the relatively low duty
cycles (~10%) present a limitation. This highlights the impor-
tance of systematically following up the large number of GRBs
detected by MeV instruments (e.g., Fermi/GBM; factor of three
larger than hard-X-ray instruments) to enhance the likelihood of
observing GRBs at TeV energies.

To simulate one year of observed GRBs with their corre-
sponding VHE light curves, the key ingredients for building a
GRB catalog are the redshift, fluence (and the Eiyw), and sky
localization. For this reason, we start from the distributions of
redshifts (P;) and fluences (P»), obtained from the Greiner cat-
alog and the GBM catalog, respectively. We build a third pop-
ulation, namely Pz, of GRBs commonly detected by GBM and
Swift/XRT in the last 16 years. From P; and P, we extract ran-
dom couples (z, S,) and make sure that the corresponding EiySO
lies above the GBM detectability line. Each simulated GRB is
assigned sky-localization information by matching its fluence to
the closest event in the real sample Ps, providing realistic uncer-
tainty regions and follow-up constraints. Overall, this methodol-
ogy yields a synthetic one-year GRB population that is observa-
tionally consistent and suitable for VHE follow-up studies.

Once the simulated population of GRB is processed (Ps), we
simulate the afterglow spectra and compute the VHE light curve
for each GRB, taking as input for the simulations the redshift and
Eiyso. For the afterglow modeling, we use the set of microphysi-
cal parameters which was shown to best represent the observed
correlations in X-ray and GeV bands. The VHE fluxes computed
in this work should be interpreted as conservative lower limits.
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We model only the afterglow emission using a synchrotron self-
Compton framework, neglecting additional physical processes
which might enhance the TeV output. Moreover, we do not in-
clude any contribution from the prompt emission, which may
yield bright and short VHE flashes. Because prompt emission is
highly uncertain and variable, excluding it allows us to be con-
servative, but it also means that our detection rates represent a
lower boundary of what might be achievable for real GRBs. Fi-
nally, we include attenuation by EBL, which strongly suppresses
TeV emission at redshifts z > 0.3. This effect alone already re-
duces the number of detectable VHE events significantly.

Using the clustering properties of X-ray afterglows, normal-
izing the flux by the fluence, we investigated whether the ob-
served correlation between X-ray and VHE light curves is repro-
duced from the model used to simulate the afterglow. Our results
show that the correlation is reproduced at early times, while it is
less evident at later times. Since the afterglow of the GRBs is
rapidly declining with a temporal index lower than —1 and the
sensitivity of the IACTs vary as t™-°, a small exposure increases
the chances of discovering the VHE counterpart.

Our simulated GRB catalog contains the localization accu-
racy and alert delays of GBM-triggered GRBs that are relevant
for ground-based follow-up. For each burst, it compiles, along
with arcminute localizations from Swift/XRT, the full sequence
of notices from GBM (flight, ground, and final), including their
associated sky regions and arrival times. This catalog enables a
statistical evaluation of how rapidly and how significantly the
localization improves over time. The cumulative distributions of
these parameters indicate that, for 68% of events, the flight no-
tice is issued within 30 s with a typical error radius smaller than
20°, the ground notice is sent after about 50 s with error radii
below 10°, and the final notice becomes available within 600 s
with an error radius under 7°. Over the same percentile interval,
the localization centroids move on average by roughly 13° be-
tween the flight and ground notices, and by about 6° on average
between the ground and final notices, thereby quantifying how
the probability region both contracts and shifts with time. This
information is crucial for developing an observational strategy to
repoint IACTs in response to real-time alerts, while accounting
for the additional delay caused by telescope slewing. Because
only about 15% of GBM-detected GRBs are also observed si-
multaneously by Swift/BAT, a final notice is often not issued.

The expected GRB detection rates for ground-based VHE
observatories are highly sensitive to the chosen observing strat-
egy, in particular, on the latency time of observation and the ex-
posure. Our results show that if observations begin with delays
of about 10~15 minutes (10° s), only a small subset of GRBs re-
mains observable at VHE energies. To obtain realistic estimates
of the detection per year, we therefore adopt a representative la-
tency of roughly 1000 s and evaluate detectability using individ-
ual GRB light curves in fixed energy bins drawn from our mock
population. For each burst, we compute how many telescope
pointings with a fixed two-minute or five minutes exposures can
be carried out before the source flux drops below the sensitivity
limit of the instrument. We restrict our analysis to ground-based
alerts (g) that are received within one minute of the transient
trigger. As the sky localization regions reported in these ground
alerts are typically large, multiple pointings are needed to tile
the corresponding area. We examine two tiling schemes based
on the 1o~ and 20- GBM error circles, and for each GRB we cal-
culate the detection probability as the ratio between its localiza-
tion area and the total field of view covered by the sequence of
brightness-limited pointings. Summing these probabilities over
the entire GRB sample, and incorporating both the ~ 10% duty
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cycle of ground-based facilities and the geometric probability
that the true source position lies within the assumed Gaussian
error contour, provides an estimate of the number of GRBs de-
tected per year. This approach shows that targeting poorly local-
ized GRBs can yield about 0.5-2 GRBs per year which further
complements strategies focused on well-localized events.

We further substantiate the results of our sensitivity-based
analysis by performing a more detailed study that uses the in-
strument response function and focuses exclusively on CTAO-N
as a representative example. In the latter analysis, we confined
ourselves to a significantly smaller field of view (the effective
FoV), because the sensitivity decreases toward the edge of the
camera relative to its center. Our results indicate that, given the
uncertainty in the sky localization provided by GBM, between 1
and 4 GRBs per year may be detected. These values are slightly
higher than those obtained from the probabilistic approach based
solely on differential sensitivity, since the true burst position can
be covered with more than one tile while performing a tiling
inside the sky-region. We also find that imposing an effective
zenith-angle limit of 50° and extending the tiling to times later
than about one hour after the trigger do not increase the number
of detections and can therefore be excluded to reduce the total
observation time. A shorter exposure of 2 minutes is preferred to
longer exposures of 5 minutes, as expected, because the transient
flux decays faster than t~!. An annual observing budget of about
20 hours, according to the strategy presented here, can result in
1-4 GRB detections per year. Moreover, incorporating CTAO-S
could approximately double the yearly detection rate.

For ASTRI, we find that the TeV detection rate is similar
to CTAO-N and LACT while having worse sensitivity than the
others. This behavior arises due to the large FoV that exceeds 20
deg’. Additionally, the follow-up of poorly localized GRBs (see
Fig. 9) contributes substantially to the total number of detections,
mainly because tracking a larger number of triggers from MeV
instruments increases the probability of a successful detection.

Although this work focuses on GRBs observed with
Fermi/GBM, the results are not restricted to this particular instru-
ment. The observing strategies and conclusions we present can
be directly applied to future MeV missions. The GBM localiza-
tion folds the complex, irregular sky-localization pattern (arising
from several MeV detectors pointing in different directions) into
an ellipse, which can therefore fail to include the true source
position. For comparison, the probability that the true XRT po-
sition lies within the 100 GBM localization region is only about
30% (rather than ~40%), and about 70% (instead of 90%) for
the 20 region (see also Connaughton et al. 2015). Current and
future missions such as Crystal Eye (CE; Aloisio et al. 2026;
Barbato et al. 2023) and GRINTA (Rodi & Natalucci 2025) are
expected to detect even more GRBs per year than GBM, likely
with enhanced localization performance. Furthermore, the sky-
localization regions provided by GRINTA and CE are expected
to be approximately circular and may offer tighter constraints on
the true source position. In this setting, optimized tiling strate-
gies for ground-based VHE follow-up will become increasingly
crucial. The methodology developed here offers a general frame-
work for maximizing the chances of detecting TeV afterglow
emission from the large GRB samples that will be discovered
by next-generation MeV instruments. Consequently, with future
MeV detectors providing more precise localizations and future
TACT facilities, the prospects for detecting TeV counterparts of
poorly localized GRBs are very encouraging.

Software: This work made use of Gammapry (v1.3; Do-
nath et al. 2023); TiLepy (Seglar-Arroyo et al. 2024); and SEN-
siey (Green et al. 2026).
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Appendix A: X-ray Light Curves Analysis

This section gives a detailed description of the analysis of the
X-ray light curves used in this work. The results are summarized
in the main text (Sec. 2.2.2).

The analysis is based on the GRB populations P3 and P4
defined in Table 2, corresponding to GRBs jointly detected by
Fermi/GBM and Swift/XRT, and the subset of these events with
a measured redshift. For each GRB, we analyze the temporal
evolution of the X-ray flux observed by Swift/XRT in the energy
band 0.3-10 ke V.

X-ray light curves are known to display complex tempo-
ral behavior, often deviating from a simple power-law decay.
Many GRBs show early-time plateaus, flares or re-brightening
episodes. To account for this complexity, we modeled each XRT
light curve using a piecewise power-law representation imple-
mented with the pwlf Python package.

Our analysis is primarily focused on the standard afterglow
decay, therefore the flaring activity is filtered from the light
curves. In order to do this, we adopt a strategy inspired by previ-
ous studies (Evans et al. 2009, 2010). Significant flares are iden-
tified by searching for consecutive rising bins with a total flux
increase of at least 20-. For each flare, the peak is defined as the
maximum flux prior to the decline, and the end of the flare is
identified through a change in the slope of the light curve. After
filtering these intervals, the piecewise fit is performed such that
once the first negative temporal slope is reached, marking the
onset of the afterglow decay, all subsequent slopes are required
to remain negative. This approach is physically motivated by the
expected monotonic decay of the afterglow. Plateaus and flares,
although not fully understood, occur in only a fraction of GRBs
and are treated in a way that preserves early-time features poten-
tially relevant for very-high-energy studies. Consequently, the fit
quality may be reduced in cases where flares remain in the data,
but the overall decay behavior is still captured.

Following the methodology of D’Avanzo et al. (2012), we
normalized the light curves by the fluence (Flux/Fluence) and
interpolated all LCs onto a common time grid. This allowed us
to compute the median flux evolution and the corresponding 1o
and 20 uncertainty regions for both the full sample and the sub-
set of GRBs with measured redshift. This procedure enables a
statistically robust characterization of the typical X-ray after-
glow behavior while accounting for variations between individ-
ual bursts.

To assess whether the selected sample is representative of
the broader GRB population, we compared its redshift and
fluence distributions with those of Greiner and Fermi/GBM
catalogs, respectively. The mean redshift in Greiner’s catalog
is (z)=1.99, while our sample yields a comparable mean of
(z)=1.91 (see Fig.C.1). This close agreement indicates that our
redshift-selected subsample does not strongly deviate from the
general observed GRB population.

For the fluence, the distribution of our catalog mirrors that
of the full Fermi/GBM dataset. In particular, the Fermi/GBM
catalog peaks at ~ 3 x 10~ ergcm™2, which is essentially the
same peak value observed in our sample (see Fig. A.2). This
similarity further supports that the joint catalog represents the
same underlying population of GRBs.

Taken together, these comparisons suggest that the P; sam-
ple used in this work is well defined and broadly representative,
rather than being strongly biased toward a particular subset of
bursts. This makes it a robust dataset for population studies rele-
vant to VHE follow-up observations.

Table A.1: Scatter of Fxrr/S gy at selected times. Note: This
should be estimated as a Gaussian sigma/ dex.
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Fig. A.1: XRT light curve clustering in the energy band of 0.3-
10 keV. The shaded region indicate 10 and 20 clustering of XRT
light curves, as in D’ Avanzo et al. (2012), in the energy band of
2-10 keV.

104 = — P,
e - — Y
) 1 -
0]
N
= | -
€ 107!
[] —
= |
= | ]
m
o —
o
Y
o -
5 1072
Q
1S
3
=2
10—3 4
1078 1077 10-6 1075 1074 1073 102

Fluence (erg/cm?)

Fig. A.2: Comparison of the fluence distribution of the popula-
tions P, (light blue) and P; (orange). The XRT-GBM sample is
moderately biased toward higher fluences, reflecting the higher
porbability of successful X-ray follow-up for brightter GRBs,
while still tracing the same underlying GRB population.

Appendix B: Comparison of SSC microphysical
parameters

In this section, we summarize and compare the SSC microphys-
ical parameters inferred for GRBs with detected VHE emission
in the literature, and the benchmark parameter set adopted in
this work. Table B.1 collects representative SSC modeling re-
sults for several TeV-detected GRBs, including GRB 190114C,
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GRB 190829A, GRB 201216C, and GRB 221009A, as reported
by different studies using broadband afterglow observations. The
table highlights the range of electron energy distribution indices
and equipartition parameters (e,, €g) inferred from observations,
together with the inferred density of the external medium.

Appendix C: Comparison of population of GRBs in
this work and intrinsic GRB population

In this section, we compare the properties of the simulated GRB
population, Ps, with those of the observed GRB catalogs used
in this work. Fig. C.1 (left panel) shows the redshift distribution
of the GRB population with measured redshift (P;) and of the
simulated GRB population (Ps). Both distributions are normal-
ized to unity. The two populations show the same shape, with
mean redshift of (z) = 1.99 for P; and (z) = 1.91 for Ps5. The
right panel of Fig. C.1 compares the fluence distribution of the
full Fermi/GBM catalog (P,) and Ps. Both distributions peak
at S, ~ 107%-107,erg,cm™2 and show similar behavior over
several orders of magnitude in fluence, with an exception for
high fluences values. This can be explained by the fact that we
are sampling few GRBs compared to the all GRBs detected by
GBM, and very bright GRBs are typically less frequent.

Appendix D: Observational Strategy
Appendix D.1: Trigger properties

A cumulative distribution of the quantities, namely
ta, Ra, tg, Rg, ts,and  Rg  provides meaningful information.
Figure D.1 presents the cumulative distribution of angular
separation between the central point of the localization of
flight-ground (ARgg, blue), ground-final (ARg5, green), and
flight-final (ARg 4, orange). This results in 68 percentile of the
angular separation between the flight and ground being ARy
< 13°, and between ground and final ARg5 < 6°. Figure D.2
shows the cumulative distribution of the latency of the arrival
time of the notices (upper panel; latency of the flight notice: tg,
ground notice: ty, and final notice: ty;), and the radius of the
sky-localization (lower panel; flight notice: Ry, ground notice:
R;, and final notice: Rg). We extract the 68% percentile of the
above quantities which results in §* < 30s,R$® < 20°,t% <
50s, Rgg < 10°,t% < 600s,and R$® < 7°.

The information discussed previously can be summarized in
Fig. D.4, where the blue circle is a representative of the sky-
localization during the flight-trigger received with a typical time
of 30s (or earlier) with a localization radius of about 20° (or
smaller). An additional follow-up notice (ground-notice, indi-
cated by the orange circle) is expected at about 50 s (or earlier)
with an angular separation of about 13° (or smaller) with a local-
ization radius of 10° (or smaller). The following notice, the final
notice (indicated by the green circle), arriving with a latency of
about 600 s provides a localization with a radius of about 7° (or
smaller) with an angular separation of about 6° (or less).

Appendix E: Detection horizon

We estimated the detection horizon for a synthetic population of
GRBs with assigned redshifts and Ejgo. We fixed the exposure to
5 minutes. Among the detectors listed in Tab. 3 (see also Sect. 4),
the sensitivity of CTAO-N is superior throughout the entire en-
ergy band between 20 GeV-10TeV. Thus, we take CTAO-N as
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an example for estimating the detection horizon. We further as-
sume that the telescope points to the location of the GRB starting
from 100s which helps detecting even the fainter GRBs (with
lower Eiso. We do not consider the duty cycle of the instrument
for this computation. The detectability is computed based on the
TeV light curves discussed in Sect.3 and a detection is claimed is
the flux is above F5 mln(E) (see Eq. 3), where three values of the
energy, 20 GeV, 200 GeV and 1 TeV, are chosen (see right panel
of Fig. 5). As can been seen in Fig. E.1, the energy at which
the detection is made (can be considered as the energy thresh-
old) impacts the detection horizon. Most importantly, although
the sensitivity at lower energies (E~20 GeV) is an order of mag-
nitude worse than that of medium energy band (E~200 GeV),
the EBL attenuation is subdominant. Hence a larger horizon of
about redshift 4.0 can potentially be achieved. However, the in-
creasing energy threshold restricts the horizon to ~1.5 to ~0.5,
for 200 GeV, 1 TeV respectively.

When considering the full energy range and time-dependent
light curves of the events as simulated in Sect. 6.2.1, we see a
compatible horizon for follow-up campaigns up to 4 hrs long.
As shown in Fig E.2, the fraction of detectable events drops
rapidly with increasing redshift for all observatory configura-
tions. Above z ~ 2, only 5 % of the events can still be detected in
all sites and zenith ranges. In particular, fewer than 5 % of events
can be detected at a zenith > 60°, which can be used to inform
the followup criteria for CTAO.
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GRB Reference Medium p €, €p A,

190114C Acciari et al. (2019a) ISM 2.6 7% 1072 8 x 107 0.5

190114C Aguilar-Ruiz et al. (2025) Wind-like 2637005 4737090 %1072 365018 x 107 552508 x 107
190114C Derishev & Piran (2021) Wind & ISM 2.5 ~ 0.1 ~6x1073% ~ 0.1

190829A Salafia et al. (2022) Homogeneous 2.01 3t29 % 1072 25733 %107

201216C Abe et al. (2023) Wind 2,175, 0.08+982 2.5x1073 2.5x1072
221009A Banerjee et al. (2025) ISM 2.7°0) <1.3x1072 <1.6x107°

221009A Khangulyan et al. (2024)  wind seems preferable ~3x1073

GRB population  Tiwari et al. (2025) Wind 23 0.1 107 0.1

Table B.1: Comparison of synchrotron self-Compton (SSC) microphysical parameters reported for TeV-detected GRBs and the
benchmark parameter set adopted in this work. *ep reported is at 90 s (since the GRB trigger time) and it decreases by a factor of 2
in the following temporal bin at 145 s.
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Fig. C.1: Comparison between the simulated GRB population and the observed catalogs. Left panel: normalized redshift distribu-
tions of the populations P; and Ps. The vertical dashed lines indicate the mean redshift of each sample, showing close agreement
between the two distributions. Right panel: normalized fluence distributions of P, and Ps, illustrating that the mock sample repro-
duces the prompt-emission properties of GBM-detected GRBs.
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Fig. D.1: Cumulative distribution of the angular separation be-
tween different Flight, Ground and Final GCN localizations for
GRBs detected by Fermi/GBM. The curves show the angu-
lar separation between the onboard Flight localization and the
Ground refined localization (blue), between the Flight and the
Final (orange), and between Ground and Final (green). The dis-
tributions highlight the typical magnitude of position updates as
localization information improves over time.
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Fig. D.2: Cumulative distributions of the latency and localiza-
tion accuracy of GCN notices for Fermi/GBM detected GRBs.
Top panel: Distribution of the time delay (AT') between the GRB
trigger and the Flight notice, first Ground notice, and Final no-
tice. Bottom panel: Distribution of the corresponding localiza-
tion error radii for the Flight, Ground, and Final notices. These
distributions quantify the typical timescales and improvements
in the localization relevant for planning rapid follow-up obser-
vations with ground based telescopes.
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Fig. D.3: Cumulative distribution of the angular separation be-
tween the GRB positions reported in successive Fermi/GBM
GCN notices and the accurate sky position measured by
Swift/XRT. This figure shows the progressive improvement in
localization accuracy as refined GCN notices become available
and quantifies the typical angular offsets relevant for follow-up
observations.
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Fig. D.4: Comparison of the information distributed by flight,
ground and final notices. The a significantly improved uncer-
tainty of the sky-area is comunicated through the ground alerts
which are distributed typically about a minute after the GRB trig-
ger.
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Fig. E.1: Detection horizon for CTAO-N telescope for different
energy thresholds of 0.02 TeV (green), 0.2 TeV (orange) and 1
TeV (black). They gray points are representative of the popula-
tion of the total synthetic population. For the horizon calcula-
tions, we assumed no duty cycles of the detectors. We further
assumed that all the GRBs are followed up from 100 s after the
trigger.
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Fig. E.2: Fraction of detectable events with CTAO-N for increas-
ing redshift, marginalized over latencies up to 4 hr. Once the
threshold of z ~ 2 if reached, fewer than 5 % of events are de-
tectable. At higher zenith angles, few events are detectable at the
50 level.
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