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ABSTRACT

Context. The Galactic magnetar SGR 1935+2154 has exhibited prolific high-energy (HE) bursting activity in recent years.

Aims. Investigating its potential tera-electronvolt counterpart could provide insights into the underlying mechanisms of magnetar emission and
very high-energy (VHE) processes in extreme astrophysical environments. We aim to search for a possible tera-electronvolt counterpart to both its
persistent and sub-second-scale burst emission.

Methods. We analysed over 25 hour of observations from the Large-Sized Telescope prototype (LST—1) of the Cherenkov Telescope Array
Observatory (CTAO) during periods of HE activity from SGR 193542154 in 2021 and 2022 to search for persistent emission. For bursting emission,
we selected and analysed nine 0.1 s time windows centred around known short X-ray bursts, targeting potential sub-second-scale tera-electronvolt
counterparts in a low-photon-statistics regime.

Results. While no persistent or bursting emission was detected in our search, we establish upper limits for the tera-electronvolt emission of a short
magnetar burst simultaneous to its soft gamma-ray flux. Specifically, for the brightest burst in our sample, the ratio between tera-electronvolt and
X-ray flux is <1073,

Conclusions. The non-detection of either persistent or bursting tera-electronvolt emission from SGR 193542154 suggests that if such components
exist, they may occur under specific conditions not covered by our observations. This aligns with theoretical predictions of VHE components in
magnetar-powered fast radio bursts and the detection of MeV-GeV emission in giant magnetar flares. These findings underscore the potential
of magnetars, fast radio bursts, and other fast transients as promising candidates for future observations in the low-photon-statistics regime with
Imaging Atmospheric Cherenkov Telescopes, particularly with the CTAO.

Key words. stars: magnetars — pulsars: individual: SGR 1935+2154 — gamma rays: general — gamma rays: stars

1. Introduction

Magnetars are a class of neutron star (NS) characterised by ex-
treme variability in the X-ray and soft gamma-ray bands, show-
ing activity that ranges from bursts of a few milliseconds to
prolonged outbursts that last for months (Kaspi & Beloborodov
2017). Most magnetars are isolated and slowly rotating (period
P ~ 1sto 12s), and possess a strong magnetic field of 10'*G
to 10" G, about three orders of magnitude higher than that of
regular NSs (Olausen & Kaspi 2014). The magnetic field acts as
the main energy source and the emission can be distinguished
in two categories: the persistent emission from the magnetar
(and the surrounding nebula if present) and the bursting emission
composed of outburst episodes with bursts or flares on different
timescales, likely caused by crustal fractures and/or rearrange-
ments of the magnetosphere (Beloborodov & Thompson 2007,
Mereghetti et al. 2015). There are about 30 known magnetars
in the Galaxy and Magellanic Clouds (Olausen & Kaspi 2014)".
Many of them spend most of the time in a state of low lumi-
nosity, and only during outburst episodes does their luminosity
rapidly increase (Mereghetti et al. 2015; Kaspi & Beloborodov
2017; Coti Zelati et al. 2018). These episodes can last from
a few weeks to many months. The X-ray spectrum of
the persistent emission typically consists of a soft ther-
mal component plus a hard power-law tail likely originating
from multiple cyclotron resonant scattering in the magne-
tosphere (Thompson & Beloborodov 2005; Baring & Harding
2007). Persistent emission above 10keV has been detected in
a few magnetars, but upper limits (ULs) in the MeV range indi-

! http://www.physics.mcgill.ca/~pulsar/magnetar/main.
html
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cate that this hard component cannot be extrapolated to higher
energies (den Hartog et al. 2000).

Hard X-ray bursts have been detected from nearly all mag-
netars, typically during active periods when tens to hundreds
of bursts are emitted within hours. These bursts are emitted
in the keV-MeV bands, are short (~0.1s), have a total en-
ergy release of 103 erg to 10* erg, and peak X-ray luminosi-
ties of 10%°ergs™ to 10¥ ergs™! (Israel & Dall’Osso 2011;
Kozlova et al. 2016; Kaspi & Beloborodov 2017). Some bursts,
called ‘intermediate flares’, are characterised by a longer du-
ration (a few seconds to a few tens of seconds) and higher
fluences (Olive et al. 2004), while the much rarer magnetar
‘giant flares’ (MGF, Mazets et al. 1979; Hurley et al. 1999;
Palmer et al. 2005; Mereghetti et al. 2024) reach peak X-ray lu-
minosities of 10* ergs™! to 10* ergs'.

In the standard magnetar model, the magnetic field is the
dominant source of energy, and it powers both the persistent
and bursting emission (Israel & Dall’Osso 2011). The persis-
tent emission is primarily driven by the decay of the mag-
netic field, leading to the heating of the stellar crust and the
emission of thermal radiation. Non-thermal persistent emission
can also arise from resonant cyclotron scattering in the mag-
netosphere (Mereghetti et al. 2015). Bursting emission occurs
when magnetic stresses build up sufficiently to crack a patch
of the NS crust, ejecting hot plasma into the magnetosphere
(Thompson & Duncan 1995). Other models suggest that short
bursts may arise from magnetic reconnection in the magneto-
sphere (Lyutikov 2002).

In view of the rich phenomenology and the unique physi-
cal conditions found in these objects, the observation of magne-
tars in the gamma-ray range is of great interest. However, only
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ULs have been derived at 0.1 GeV to 10 GeV energies (Li et al.
2017) when searching for the persistent emission. Gamma-ray
emission spatially coincident with some magnetars has been
detected, but it is thought to originate from the surrounding
supernova remnants (SNRs, Li et al. 2017). A candidate MGF
was detected in the Sculptor galaxy NGC 253 at GeV ener-
gies from 19s to 284 s after the detection of an initial MeV
signal (Fermi-LAT Collaboration 2021). The GeV signal was
likely generated by the interaction of an ultra-relativistic out-
flow of electrons (that first emitted the MeV photons) with envi-
ronmental gas. The shock waves could accelerate the electrons
to high energies and emit GeV gamma rays as optically thin
synchrotron radiation. Imaging Atmospheric Cherenkov Tele-
scopes (IACTs) performed intensive observation campaigns to
monitor the very high-energy (VHE) emission from magnetars
at GeV-TeV, without detecting a signal (Aleksi¢ et al. 2013;
H.E.S.S. Collaboration 2021; Lépez-Oramas et al. 2022).

The Soft Gamma Repeater (SGR) 1935+2154 was discov-
ered in 2014 following the detection of a short burst and quickly
recognised as a magnetar with spin period P ~ 3.24 s and period
derivative P = 1.43 + 10" ss~! (Israel et al. 2016). These val-
ues correspond to a dipole magnetic field of Bgipote ~ 2.2-10' G,
a characteristic age of ~3.6 kyr, and a spin-down power of Ly =~
1.7 - 103 ergs™'. SGR 1935+2154 is located close to the centre
of SNR G57.2+0.8, which has an estimated distance of between
6 kpc and 12 kpc (Kothes et al. 2018; Zhou et al. 2020; Lin et al.
2020a,b). The analysis of expanding X-ray rings caused by dust
scattering of bright bursts allowed Mereghetti et al. (2020) to de-
rive a magnetar distance of 4.4f%§ kpc, independent of its pre-
sumed association with the SNR.

This source has been the most prolific magnetar in recent
years, with at least four active periods, including intermediate
flares (Kozlova et al. 2016; Lin et al. 2020c; Denissenya et al.
2021; Borghese et al. 2022; Rehan & Ibrahim 2023; Ge et al.
2023). The most notable event was a burst emitted on 28 April
2020, simultaneously detected in the radio (FRB 20200428D,
CHIME/FRB Collaboration 2020; Bochenek et al. 2020) and X-
ray bands (Mereghetti et al. 2020; Ridnaia et al. 2021a; Li et al.
2021; Tavani et al. 2021). The radio properties of this event are
very similar to those of fast radio bursts (FRBs), millisecond-
duration radio transients that originate from cosmological dis-
tances and whose origin is still unknown (Cordes & Chatterjee
2019; Petroff et al. 2019). A wide variety of models have been
proposed to explain the emission of FRBs, including magne-
tars, young isolated pulsars, mergers of compact objects, stellar-
mass black holes, and cataclysmic events (Zhang 2023). The
discovery of FRB 20200428D, the first one detected from a
source within the Galaxy and with a known origin, gave strong
support to the classes of FRB models based on the presence
of a magnetar and raised interest in multi-wavelength obser-
vations of SGR 1935+2154. Many observations were carried
out from the radio band (Bailes et al. 2021) to IACTs such
as H.E.S.S. and MAGIC, which performed observation cam-
paigns at tera-electronvolt energies without detecting the mag-
netar (H.E.S.S. Collaboration 2021; Lopez-Oramas et al. 2022).

Here we report on a search for tera-electronvolt emission
from SGR 1935+2154 during periods of high activity of the
source, using data taken with the Large-Sized Telescope proto-
type (LST-1) of the Cherenkov Telescope Array Observatory
(CTAO) in 2021 and 2022 (Abe et al. 2023b). In Sect. 2 we de-
scribe the available observation dataset and Monte Carlo (MC)
simulations. In Sect. 3 we describe the data analysis and results
for the persistent emission, while in Sect. 4 we focus on the
search for bursts. Finally, we discuss the constraints on the multi-

wavelength emission of SGR 193542154 in Sect. 5 and we con-
clude this work in Sect. 6 with a focus on future perspectives on
magnetar observations and searches for FRB counterparts with
IACTs.

2. Observations and data processing

LST-1 observed SGR 1935+2154 for approximately 33 h, over
the course of 15 nights in July 2021, September 2021, and June
2022. The data were taken in ‘wobble mode’, which allows
for the simultaneous evaluation of the background (Fomin et al.
1994; Berge et al. 2007). The offset angle (i.e. the distance be-
tween the source position and the centre of the telescope’s field
of view), was ~0.4 deg for each observation run. The observa-
tions were taken up to 55 deg zenith angle, and with different
Moon illumination levels, but not every run was used as we ap-
plied quality selection criteria (see Sects. 3 and 4).

The recorded data were processed using LSTOSA v0.9.2,
the semi-automatic pipeline of the LST Collaboration
(Ruiz et al. 2022; Morcuende et al. 2022), which connects the
different steps of 1stchain, the low-level analysis software de-
veloped for LST—1 (L6pez-Coto et al. 2021; Lopez-Coto et al.
2023), based on ctapipe (CTA 2024). LSTOSA acquires raw
data from the camera (i.e. un-calibrated waveform signal),
and performs calibration, charge integration in every pixel
to produce Cherenkov images, image cleaning, and image
parametrisation with Hillas parameters (Hillas 1985).

The Hillas parameters are used to derive the physical prop-
erties of the incoming primary particles that generated the at-
mospheric shower: energy, arrival direction, and ‘gammaness’.
The gammaness parameter is a score between 0 and 1 that in-
dicates how likely it is that the shower event was initiated by
a gamma ray (Abe et al. 2023b). We derived the event parame-
ters with 1stchain v0.9.13 by applying random forest (RF)
algorithms (Breiman 2001), using the Hillas parameters as in-
puts. The RFs were trained on MC simulated images of gamma-
ray and hadronic events (protons), tuned to the night sky back-
ground (NSB) level of the data with the ‘noise padding’ method
(Abe et al. 2023a,b) using 1stMCpipe v0.10.0 (Garcia et al.
2022; Vuillaume et al. 2023). The spectrum of the simulated MC
gamma-ray events is a power law with index 2. An independent
set of MC simulated events was used to derive the ‘instrument
response functions’ (IRFs) after applying event selection cuts in
Sects. 3 and 4.

3. Persistent emission data analysis

To evaluate the persistent emission of SGR 1935+2154, we se-
lected a sub-sample of our dataset, considering only high-quality
observations, i.e. runs in dark time (no Moon contamination)
with a sufficiently high rate of cosmic events to avoid instru-
mental or environmental issues. This selection resulted in 25.5h
of high-quality data, distributed over 13 nights.

We produced the photon lists and the IRFs from the real and
MC-simulated event lists, respectively, by applying event selec-
tion cuts that were optimised for a spectral analysis in Abe et al.
(2023b), and that can be applied to most standard spectral anal-
yses performed with LST—1 (e.g. Abe et al. 2023a). The ap-
plied cuts are intensity, i, = 80p.e., energy-dependent ‘theta-
containment’, 8., = 0.68 (i.e. the point spread function con-
tainment fraction), and energy-dependent ‘gamma-hadron sep-
aration efficiency’, €n = 0.70. We produced ‘point-like’ IRFs
(Nigro et al. 2021) valid for a fixed offset value of 0.4 deg.
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Fig. 1. 6 plot on SGR 1935+2154 persistent emission. We used 25.5h
of high-quality data (see Sect. 3), which we show here in a single energy
bin from 0.1 TeV to 10 TeV. We show the distribution of ON counts in
blue and the background distribution in orange. The dashed line rep-
resents the 6% cut used to evaluate the significance. No emission is de-
tected.

We performed the high-level analysis with gammapy v1.3
(Donath et al. 2023; Acero et al. 2025) by stacking all data of the
selected runs. The energy thresholds of the observations exhibit
a wide distribution due to their dependence on the zenith angle.
We used a conservative minimum analysis energy of 0.1 TeV to
ensure that the telescope’s effective area remains above 10% of
its maximum value across all runs. We estimated the number of
background events in the signal region through the ‘reflected re-
gions’ method (Berge et al. 2007), using one OFF region with a
size equal to that of the ON region, defined by the 6.oy selection
cut, energy-dependent radii typically in the 0.12 deg to 0.22 deg
range. The 6 plot for the selected data does not show any sig-
nificant signal (see Fig. 1).

As we did not detect the source, we performed a 1D spec-
tral analysis with the reflected-regions background method to
estimate the 95% confidence level ULs, which we show in
Fig. 2. We used ten logarithmically spaced bins between 0.1 TeV
and 10TeV and assumed a point-like source with a power law
spectrum with photon index 2.5, an average value for tera-
electronvolt sources that have not a known emission model in
literature, already proposed by H.E.S.S. Collaboration (2021).
The UL on the integrated flux in the 0.1 TeV to 10 TeV range
is 5.6 - 10712 57! cm™2, corresponding to 2.4 - 10~? ergs~! cm™2.
The flux UL above 0.6TeV, for direct comparison with
H.E.S.S. Collaboration (2021), is 3.0 - 1073 s™'ecm™2 (corre-
sponding to 6.8-107!3 erg s™' cm™2). We also searched for source
variability by computing the nightly light curve of the emission
and the nightly spectral energy distribution (SED, ~2 h livetime
per night), but we did not detect the source in any of the obser-
vation nights.

For visualisation purposes we produced the excess and sig-
nificance 2D maps centred on SGR 1935+2154, using the ring-
background model in gammapy. Since the ring spans regions
with offsets different from the ON region, the detector accep-
tance cannot be assumed to be constant, and its profile must
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Fig. 2. Multi-band SED of the persistent emission of SGR 1935+2154.
Black lines show the best fit emission model in the X-ray and
soft gamma-ray bands (Borghese et al. 2022). In the VHE band, our
95% confidence level ULs confirm the non-detection obtained by
H.E.S.S. Collaboration (2021). The tera-electronvolt ULs are about the
same order of magnitude as the X-ray emission and confirm previous
studies, which suggest that the power-law component observed above
>10keV must have a break at MeV energies.

therefore be computed explicitly (Berge et al. 2007). We eval-
uated the radial acceptance from the data on a run-by-run basis
and stacked the results to estimate the background for the en-
tire dataset (Abe et al. 2023a), using the BAccMod” package. The
position of SGR 1935+2154 was masked to prevent contamina-
tion. We defined the OFF region as a ring with internal radius of
0.5 deg and 0.3 deg width, around a 0.2 deg radius circular ON
region. The maps, shown in Fig. 3, do not show any significant
excess on the source.

4. Bursting emission data analysis

To search for VHE bursting emission from SGR 193542154,
we extracted a new dataset of photon lists and IRFs using a
set of event selection cuts optimised to detect a gamma-ray
signal on a 0.1s timescale (typical duration of a short mag-
netar X-ray burst), in a low-photon-statistics regime and un-
der the hypothesis of a Poisson background (Cowan 2007;
Patrignani 2016; MAGIC Collaboration 2018). We used the fol-
lowing ‘burst cuts’: a cut in gammaness, gqy = 0.75, in intensity,
icat = 5S0p.e., and in 62, = 0.08 deg”.

The LST—1 observations included nine hard X-ray bursts
from SGR 193542154 detected by various high-energy (HE)
space telescopes (see Table 1). We searched for VHE coun-
terpart emission simultaneous to these events, and also per-
formed an unbiased search for short bursts in the whole
dataset.

4.1. Search for tera-electronvolt emission simultaneous to
X-ray bursts

We selected the nine LST—1 runs comprising the time of arrival
(ToA) listed in Table 1, and the point-like IRFs for the closest
simulation node to every run. We used the IRFs to obtain the
exposure, assuming a power-law spectrum with index 2.

2 https://github.com/mdebony/BAccMod


https://github.com/mdebony/BAccMod

Abe, K., et al.: A&A, 706, A25 (2026)

Excess map

600
23°00
400
22°30" "R
g & \ 200
s 00 \
£ ] 0
2 :
A 21030 B e T 200
00" S " T8 S N S 400
20°30" 600

19"39™ 36
Right Ascension

30

Significance map
23°00" 4
22°30" 2
o
g
ER o
3
A 21°30 5
00'
—4
20°30'

19"39™ 36
Right Ascension

Fig. 3. Excess (left) and statistical significance (right) maps in a 3 deg X 3 deg region centred on SGR 193542154 in the 0.1 TeV to 10 TeV energy
range. The ON region is shown as a white circle, while the background ring is delimited by the two dashed circles. The maps do not show any

significant excess on the source.

Table 1. Upper limits in the [0.1-10] TeV range on known hard X-ray from SGR 1935+2154 observed by different satellites.

# Time of Arrival Instrument  Exposure Rpkg Nso Non  SuL Flux UL Fluence UL
ISOT UTC 108 cm?s s7! 108cm2s7! 107 ergem™2

1 2021-07-07 00:33:31.670  Fermi-GBM 1.448 0.81+0.02 4 0 2.16 1.49 1.09

2 2021-09-1023:40:34.460  Fermi-GBM 1.485 1.05+0.03 4 0 2.19 1.47 1.08

3 2021-09-1122:51:41.600 GECAM 1.430 0.95+0.03 4 0 2.17 1.52 1.11

4 2021-09-1123:55:45.872 NICER 1.485 1.01 £0.03 4 0 2.18 1.47 1.07

5 2021-09-12 00:34:37.450 GECAM 1.491 0.61 £0.03 4 0 2.13 1.43 1.04

6 2021-09-12 00:45:49.400 GECAM 1.491 0.66 +0.03 4 0 2.14 1.43 1.05

7  2021-09-12 22:16:36.200 GECAM 1.296 0.68+0.02 4 1 3.86 2.97 2.17

8 2021-09-1223:19:32.080 Fermi-GBM 1.430 1.04 +0.03 4 0 2.18 1.53 1.12

9 2021-09-13 00:27:25.200 GECAM 1.485 1.04 £0.03 4 0 2.18 1.47 1.07
Stacked 6t = 0.9 s 13.041 0.87+0.04 8 1 3.57 0.27 0.20

Notes. The exposure is given for a 6 = 0.1 s observation time assuming a power-law spectrum with index 2. The background rate, Ry, was esti-
mated in a OFF region and was used to estimate Ns,,, the counts needed for a 5o~ detection. The Non counts were evaluated in a 0.1 s time window
centred around the burst ToA and were used to compute sy, according to Eq. (12). The photon flux ULs were given by dividing sy;. over the
exposure. The fluence ULs were obtained converting the photon flux into energy flux and integrating over dz. The stacked entry assumes an average
Ry and effective area. Burst #1 was detected by Hamburg et al. (2021a,b), Xiao et al. (2021), Nakahira et al. (2021), Ridnaia et al. (2021b). #2 by
Roberts et al. (2021), Roberts & Wood (2021). #3, #5 and #6 by Xue et al. (2021). #4 by Guver et al. (2021). #8 by Roberts & Fermi GBM Team

(2021). #7 and #9 by Cai et al. (2021).

For each of the nine bursts listed in Table 1, we selected
the number of photons, Npn, in the ON region centred on
SGR 193542154 (with size given by 6.), in a 6t = 0.1s time
window centred around the ToA of each of the nine bursts, and in
the 0.1 TeV to 10 TeV energy range. No timing correction was ap-
plied to the ToAs, which represent the detection times of the X-ray
bursts. This choice is justified because all instruments in Table 1
are in low Earth orbit at altitudes of <600 km. The resulting time
delay of the signal with respect to the LST—1 site is <2 ms, which
is negligible compared to the 0.1 s analysis window.

None of the nine bursts is detected by LST—-1, as Noy is
always lower than the Ns, threshold needed to claim a detection.
The threshold depends on the measured background rate, Rpyg.
The background rates of the nine selected observation runs are
reported in Table 1, with the associated Poisson error.

The Bayesian treatment of the ON/OFF problem has been
extensively discussed in the literature (e.g. Knoetig 2014;
Casadei 2015). The number of counts in the ON region can
be modelled with a Poisson likelihood, parametrised by the ex-
pected signal, s, and background, b, counts:

Z(n|s,b) = Poi(n; s + b) = )

(s+b) )
! 9

where Poi denotes the Poisson distribution, and » is the sta-
tistical variable describing the ON counts (while we used Non
for the actually measured values). Assuming statistical indepen-
dence between s and b, the joint prior factorises as the product of
the signal prior, 7g(s), and the background prior, 7y (). Once
the priors have been derived, the UL to the signal parameter,
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suL, can then be derived in three steps. First, the likelihood is
marginalised over the background parameter:

Liig(nls) = f Toke (D) £ (nls, b) db. @)
0

Then, the marginalised posterior distribution is obtained:
ﬂ'sig(s) : egsig(nls)

Pqi sn) = = .
sig(sln) I mg(x) Liig(nlx) dx

3

Finally, the UL sy at confidence level acy is defined as the so-
lution of

| = ae = f  Pyg(sln) ds. @
0

The choice of priors for s and b is crucial in this approach and
will now be examined. A common, though not always well-
justified, approach is to assume a Dirac delta function for the
background prior:

Tokg (D) = 6(b — by), )]

where by is the expected background counts, usually estimated
from the OFF region as by = a - Nopr, With a being the expo-
sure ratio and Nogr the observed counts in the OFF region. A
more general and statistically consistent approach, proposed by
Casadei (2015), derives the background prior directly from the
posterior distribution of the OFF region. The OFF region is de-
scribed by a single Poisson likelihood, Zopr(k|B) = Poi(k; B),
where k is the statistical variable and B the Poisson parame-
ter. The prior for the OFF region can be naturally modelled as
a Gamma distribution:

morr(B) = fi (Biv.p) = £— B¢ P,

B>0,v>0,p>0,
() el

(6)

where v is the shape parameter, p the rate, and I' the complete
Gamma function. Since the Gamma distribution is conjugate
to the Poisson model, the posterior for the OFF region is also
Gamma-distributed, reading as

Porr(Blk) = fr (B;v +k,p+1). @)

By rescaling from the OFF to the ON region via the exposure
ratio (b = a-B), the prior for the ON-region background becomes

Toke(D) = i (b; vk, ’%1) @®)

A well-known property of the Gamma distribution is that when
both the shape and rate parameters tend to infinity, while their
ratio by remains constant, the distribution converges to a Dirac
delta function centred at by. In Eq. (8), this ratio is given by

: a/(v+k)_
bo=—""1 ©)

In general, the choice of the shape and rate parameters define
how the background is characterised. For example, adopting Jef-
freys’ prior for mopp(B) corresponds to setting v = 1/2and p = 0
(Casadei 2015). Since the best estimator for the expected value

of k is the observed number of counts in the OFF region, Nogg,
the shape-to-rate ratio can be estimated as by = @ - (Nogr + 1/2).
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Fig. 4. Distribution of binned OFF counts (black points and labels) in
the observation run of burst #1 of Table 1. The data are consistent with
the expectation from a Poisson distribution (blue points, labels and line)
with background rate Rgxg = 0.81 s, using bins of width 6t = 0.1s.
The total duration of the run was 1443s.

If the selected OFF region satisfies @ <« 1 and Nopr > 1,
the background prior, mye, in Eq. (8) tends to a Dirac delta with
by = a - Norr (neglecting the 1/2 term), as in Eq. (10). Within
this framework, and under these specific conditions, the use of
a Dirac delta as background prior is not merely an ad hoc as-
sumption, but can be justified as the approximation of a ‘well-
characterised background’.

For our analysis, we selected a single OFF region, symmet-
rical to the ON region with respect to the pointing direction and
of equal size. The exposure ratio is therefore given by the ra-
tio of the observing times, @ = TT(()’FNF where Ton = 0.1s and
Torr corresponds to the full duration of the observation run
(~15-20min). This yields @ ~ 107*, with measured OFF counts
in the range of Nopr ~ 500—1000 across the selected runs.

Our observations satisfy the conditions for the well-
characterised background approximation, provided that the event
rate remains constant, ensuring that the background can be de-
scribed by a single Poisson distribution. In practice, the event
rate is not perfectly constant due to variations in atmospheric
conditions and telescope pointing during a run. To account for
this, we tested all selected observations to verify that the distri-
bution of binned OFF counts is consistent with a single Poisson
law using a y? test, and rate variations are negligible.

As an example, Fig. 4 shows the distribution of binned OFF
counts for the observation run of burst #1 in Table 1. The ob-
served counts are consistent with the Poisson prediction, yield-
ing a y? statistic of 3.1 for 3 degrees of freedom, correspond-
ing to a p value of 0.3. Similar results for the other observation
runs support the validity of the well-characterised background
approximation. Under these conditions, we consider adopting
Eq. (5) as the background prior to be justified.

Once the background prior is fixed, the marginalised likeli-
hood, Zis(n | 5), can be computed as in Eq. (2). Under the well-
characterised background approximation, this reduces to the off-
set Poisson distribution Poi(n; s + by), whereas in the general
case it is proportional to an exponential times a polynomial (for
a detailed discussion, see Casadei 2012, 2014).

Having established the treatment of the background prior and
the resulting marginalised likelihood, we now turn to the choice
of the signal prior, 7g,(s). A common assumption is to adopt
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a uniform prior for s > 0, mainly for its mathematical simplic-
ity (Cowan 2007; Patrignani 2016; MAGIC Collaboration 2018),
and because it is often considered as a ‘non-informative’ prior. In
reality, it does not result from a formal procedure for construct-
ing an objective prior. Moreover, it disproportionately favours
large values of the signal, even nonphysical large ones, which
leads to an overestimation of both the posterior mean and the
corresponding ULs (Casadei 2014).

By contrast, Jeffreys’ prior is derived solely from the Fisher
information of the likelihood and can therefore be regarded as
an objective prior. For an offset Poisson distribution, such as the
marginalised likelihood .%5;s(n1ls) = Poi(n; s + by), it is

| bo
ﬁsig(s) = s+ by s

which we adopted as our signal prior. It is important to note that
Jeffreys’ prior depends on the marginalised likelihood, and there-
fore implicitly carries information from the background prior. If
Toke (D) 18 not a Dirac delta, the signal prior cannot be computed
analytically. Eq. (10) should thus be regarded as the approxima-
tion of the general prior under the well-characterised background
assumption (for a comparison of numerical and approximate pri-
ors, see Casadei 2014).

Once the signal prior and the marginalised likelihood are
specified, the posterior distribution can be obtained by multi-
plication and normalisation, as in Eq. (3). The calculations are
presented in Appendix A for completeness. Its explicit form is

(S + bo)n—% e—(s+b0)

n+ %)[] —FXZ (2bg; 2n + 1)]’

10)

Pqi = 11
sig(sln) F( (11)

where F2 is the cumulative distribution function of the x? dis-
tribution with 2n + 1 degrees of freedom, and by the expected
background counts. The UL on the expected signal counts, syr,
follows from Eq. (4):

— 1 -1/, _
SUL = ZF)(Z (p,2n+ 1) b(), (12)
p=1-ac-(1-Fp@by2n+1),

where F);zl is the inverse cumulative distribution (percent-point)

function of the y? distribution with 2n + 1 degrees of freedom,
by the expected background counts, and 1 — acr is the confi-
dence level. The calculations are presented in Appendix A for
completeness. The choice of prior directly affects the degrees
of freedom of the y? distribution: for Jeffreys’ prior the term is
2n + 1, whereas for a uniform prior it would be 2(n + 1). Conse-
quently, ULs computed with the uniform prior are systematically
larger than those obtained with Jeffreys’ prior, reflecting the fact
that Jeffreys’ prior assigns monotonically decreasing weight to
higher signal intensities.

We report the 95% confidence level ULs sy, for every burst
in Table 1. The estimation of the UL in practice was performed
through Eq. (12), using the measured counts in the ON re-
gion, Non, as an estimator for n, and by as the background
rate, Rpig, times 0.1s. We computed the corresponding ULs
on the integral flux by dividing syp over the exposure of the
time window. The average photon flux UL for a 0.1s burst is
(1.6 £ 0.5) - 108 cm™2 57! and the average energy fluence UL is
(12+04)-10% ergecm™2.

We stacked the counts and the exposure of every burst win-
dow to compute the ULs on the total VHE burst activity of
SGR 1935+2154, reported in Table 1 under the assumption of
average background and effective area. The stacked photon flux

UL on the bursting emission is then 2.7 - 10~ cm™2 s~

4.2. Non-simultaneous burst search

We searched for possible SGR 1935+2154 short bursts in our
dataset. We binned the ON-source events in 0.1 s bins starting at
the beginning of each observation run. We evaluated if any of the
bins showed a post-trial significance of five standard deviations
(Li & Ma 1983; Bulgarelli et al. 2012; Brun et al. 2020), and we
did not find any detection.

The mean and standard deviation of the background rates
across the runs of our dataset are Ry, = 0.9 + 0.3 s~!, which
provide pre-trial Ns, from 3 to 5. Differences in the runs can be
attributed to different zenith angle, atmospheric conditions, and
NSB levels. We performed the burst search across all our dataset,
considering each 0.1 s time bin as a trial, with the total number of
trials Nyjais = 1355 170. The corrected post-trial Ns range from
5 to 8. The flux sensitivity for our non-simultaneous burst search
can be evaluated by dividing the highest N5, = 8 over the lowest
0.1 s exposure of our dataset, which is 1.296-10% cm? s, providing
a minimum detectable photon flux of 6.2 - 1078 cm™2s7! in the
0.1 TeV to 10 TeV. Its value is higher than that of the analysis
described in Sect. 4.1 due to the large number of trials.

5. Discussion

We analysed over 25h of VHE gamma-ray observations of
SGR 1935+2154 with the LST—1 during periods of known mag-
netar activity. We did not detect persistent or bursting emission
from the source but we provide ULSs that constrain its emission
in the 0.1 TeV to 10TeV energy range. We discuss below our
constrains in the context of multi-wavelength observations of
SGR 1935+2154 and its possible emission mechanisms.

5.1. Persistent emission

As is seen in Sect. 3, no persistent VHE signal is detected from
SGR 1935+2154. In Fig. 2, we present the multi-band SED of
SGR 1935+2154. Black lines show the best fit emission model
in the X-ray and soft gamma-ray bands extracted from June 2020
observations of the source with Swift and NuSTAR. The model is
composed of a black-body spectrum plus a power-law compo-
nent (Borghese et al. 2022). In the VHE band, our ULs improve
those by H.E.S.S. Collaboration (2021), extending the covered
energy range down to 0.1 TeV and lowering them by factors of 2
to 5. The tera-electronvolt ULs are about the same order of mag-
nitude of the X-ray emission of SGR 193542154, and are con-
sistent with previous studies on the source, which suggest that
the power-law component observed in the SED above >10keV
must have a break at ~MeV energies.

Most models explain the persistent emission of magnetars
in the X-ray band using two components. The first one is the
thermal emission arising from the NS surface and its thin atmo-
sphere (Turolla et al. 2015). The second one is due to the pres-
ence of accelerated particles in a magnetosphere with a complex
geometry, which can modify the emitted spectrum producing
hard tails by resonant cyclotron scattering of the thermal photons
(Thompson et al. 2002). More complex models include MC simu-
lations to study the motions of charged particles flowing in twisted
magnetic loops (e.g. Fernandez & Thompson 2007; Beloborodov
2013). Current models can produce power-law emission spec-
tra with a suppression above the MeV range, but the underlying
mechanisms are not fully understood yet, mainly due to the lack
of data in this energy range. The cut-off has not been observed
yet, and ULs are of the order of ~107"%ergs™' cm™ in the
MeV range (e.g. den Hartog et al. 2006) and ~10~'2 erg s~! cm~2
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in the GeV range (Li et al. 2017). Future facilities capable of
observing at ~1 MeV, such as the upcoming COSI satellite mis-
sion (Tomsick et al. 2024), may detect the power law cut-off and
validate these models.

Magnetars might also be a possible component of the pro-
genitors of FRBs (Cordes & Chatterjee 2019; Zhang 2023). For
instance, FRB 121102 (Spitler et al. 2014) is associated with a
persistent radio source (PRS, Chatterjee et al. 2017) and an opti-
cal counterpart classified as a low-metallicity star-forming dwarf
galaxy (Tendulkar et al. 2017; Bassa et al. 2017). The PRS emis-
sion is not identified, but is likely due to synchrotron emis-
sion of relativistic electrons from a surrounding nebula (e.g.
Murase et al. 2016; Marcote et al. 2017; Metzger et al. 2017,
Bhattacharya et al. 2025), possibly a SNR, a pulsar wind nebula
(PWN), or a hyper-accreting X-ray binary (Sridhar & Metzger
2022). The recent detection of a PRS for FRB20190520B
(Niu et al. 2022), FRB20201124A (Bruni et al. 2024a), and
FRB 20240114A (Bruni et al. 2024b) supports nebular models
powered by a NS as being the origin of FRBs. Even though
no HE counterparts of FRBs or their associated PRS have been
detected (Scholz et al. 2017; Zhang 2024), the progenitors pro-
posed may emit HE and VHE gamma-rays with mechanisms
similar to known PWNe or SNRs. These models suggest that
magnetars can be interesting targets for IACTs such as LST-1
and the upcoming arrays of the CTAO (Abe et al. 2025).

5.2. Bursting emission

In Sect. 4.1 and Table 1 we obtained the VHE ULs to the burst-
ing emission of SGR 1935+2154 on a 0.1 s timescale, centred
on the ToAs of simultaneous bursts. Burst fluences and spectral
analyses are available in the literature only for the four bursts
detected by Fermi-GBM and NICER, and we can compare their
X-ray flux with the simultaneous VHE UL.

The brightest of these bursts is #1, detected by Fermi-GBM
with T =2021-07-07 00:33:31.67 (Hamburg et al. 2021a,b). It
has a single peak with T9y ~ 0.1 s and is best fit by a power-law
function with index 0.54 + 0.07 and an exponential HE cut-off
at Eeqc = 36.1 £ 0.3keV, with an average photon flux of 289 +
357! em™2, average energy flux of 1.3 + 0.2 - 10 ergs~! cm™2,
and fluence of 2.52 + 0.03 - 10 ergcm™ (10keV to 1000 keV,
To—0.064sto Ty+0.128s). The 0.1-10 TeV flux UL over 0.1 s
is 1.1 - 1078 ergs™! cm™2 (see Table 1). We show in Fig. 5 the
SED of burst #1 using the Fermi-GBM flux point and the VHE
UL. It is the most robust SED of a magnetar burst with a sub-
second timescale and simultaneous X-ray and VHE data, and it
constrains the ratio between the VHE and X-ray flux to a factor
of <1073,

Most magnetar models predict bursting emission in the X-
ray and soft gamma-ray bands, either when magnetic stresses
build up sufficiently to crack a patch of the NS crust, ejecting
hot plasma into the magnetosphere (e.g. Thompson & Duncan
1995), or after magnetic reconnection events in the magneto-
sphere (Lyutikov 2002). Such models do not predict gamma-
ray emission in the GeV-TeV energy ranges, but more complex
magnetar models predict mechanism to emit FRBs accompanied
by HE GeV-TeV bursts. For instance, Lyubarsky (2014) predicts
that FRBs and strong millisecond bursts in the tera-electronvolt
range can originate from the synchrotron maser emission caused
by magnetised shocks that occur when highly magnetised
plasma bursting from a magnetar reaches the medium surround-
ing the nebula.

Murase et al. (2016, 2017) suggested a scenario for the pro-
duction of FRBs in which the spin-down power of a magnetar
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Fig. 5. Soft and VHE gamma-ray SED of the bursting emission of
SGR 1935+2154 during the burst on July 7, 2021 00:33:31.670, mea-
sured on a ~0.1 s timescale.

creates a relativistic wind bubble embedded in baryonic ejecta
surrounding the NS, a scenario similar to PWNe. An impulsive
energy injection of relativistic flow, which may originate from
magnetic dissipation in the magnetosphere, may shock the neb-
ula, causing the emission of a broadband flare observable from
the radio band to the HE gamma-ray band. The fluence, ¢, pre-
dicted for a HE gamma-ray flash (HEGF) in the fast cooling sce-
nario (electrons and positrons cool within the dynamical time) at
tera-electronvolt energies is

EOLI ow d
¢~8-1078 ergcm_z( L )( (13)

)
10* erg )\ 103 kpc) ’

where Egumow 1S the total energy of the burst outflow and d
is the distance of the magnetar nebula. A TeV fluence UL
of 1.1 - 10%ergecm™ such as the one we obtained for the
SGR 1935+2154 burst #1 would constrain the total energy of
the burst outflow to Eoupow < 2.7 - 1037 erg assuming dis-
tance d = 4.4kpc (Mereghetti et al. 2020). We stress that the
model cannot be directly applied to burst #1 as it is a typical
magnetar burst with no radio counterpart, and a softer index
and peak energy with respect to the burst on April 2020 asso-
ciated with radio bursts (Mereghetti et al. 2020). Furthermore,
SGR 1935+2154 lacks the nebular structure that is required for
a FRB-HEGF event (Murase et al. 2016). Nevertheless, other
sources of FRBs may possess the structures required for HEGFs,
and these theoretical models motivate the search for counterparts
of FRBs and magnetar bursts and flares at VHE with TACTs
(Carosi & Lopez-Oramas 2024).

The detection of a candidate MGF in the nearby (3.5 Mpc)
Sculptor galaxy at GeV energies (Fermi-LAT Collaboration
2021) also motivates the search for magnetar flares at HE and
VHE. It was described by a power-law spectrum with index
—1.7+0.3 and integral flux above 0.1 GeV ®(>0.1 GeV) = (4.1+
2.2)x107¢ s7! cm™? (Fermi-LAT Collaboration 2021). Assuming
that this power-law spectrum extends to tera-electronvolt ener-
gies, the estimated average flux above 0.1 TeV at the distance
of SGR 1935+2154 would be approximately ®(>0.1TeV) =
2.0 - 1073s7'cm™2. The LST-1 sensitivity for a 0.1's burst is
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~3 - 107%s7! cm™2, suggesting that a short flare with the av-
erage flux of the MGF could be detected up to a distance
of a few Mpc. However, the sensitivity can vary significantly
depending on the source position (e.g. within or outside the
Galactic plane), observing conditions, and flare duration. Fur-
thermore, this estimate assumes that the spectrum measured by
Fermi-LAT Collaboration (2021) extends to tera-electronvolt en-
ergies, which remains to be confirmed.

6. Conclusions

We analysed over 25h of high-quality observations of magne-
tar SGR 193542154 with LST—-1 in order to search for a VHE
counterpart to its persistent or bursting emission. We did not
detect the persistent emission of the source in the 0.1 TeV to
10 TeV energy range, in agreement with previous observations
(H.E.S.S. Collaboration 2021), and as is implied by the MeV
ULs, if there is only a single spectral component extending from
X-rays to VHE. Our tera-electronvolt ULs are about the same
order of magnitude as the X-ray emission of SGR 1935+2154.

We conducted our observations during periods of known
bursting activity of the source, and simultaneously to nine short
magnetar bursts detected by instruments sensitive to X-rays on
board several space satellites. We searched for a transient VHE
emission of SGR 193542154 that coincided with the HE bursts
on a timescale of 0.1s, in a low-photon-statistics regime and
under the hypothesis of a Poisson background, optimising the
event selection cuts for the analysis. For the first time, we pro-
vided the VHE flux ULs to the emission of a short magnetar
burst (~1.2 - 1078 erg s~! cm2) simultaneous to its soft gamma-
ray flux. For the brightest burst in our sample, the ratio between
the VHE and X-ray flux is <1073, We also searched for possible
0.1 s bursts in our dataset and we did not observe any significant
signal.

Although no persistent or bursting emission has yet been de-
tected at tera-electronvolt energies from SGR 1935+2154 and
other magnetars, the detection of MeV-GeV emission and the-
oretical predictions of a VHE component in flares make mag-
netars and FRBs interesting candidate sources for IACTs and
CTAO in particular. A flare with the same power-law spec-
trum as the candidate MGF detected in the Sculptor galaxy
(Fermi-LAT Collaboration 2021) could have been within the de-
tection capabilities of LST—1, assuming that the power law ex-
tends up to tera-electronvolt energies. A next-generation facility
such as the CTAO will be particularly suited for fast transient as-
tronomy thanks to its improved VHE sensitivity® (approximately
an order of magnitude greater than that of LST—1). This en-
hanced sensitivity, primarily attributed to the Large-Sized Tele-
scopes (LSTs) in the low-energy range, will not only improve
detection capabilities but also lower the energy threshold, en-
abling the CTAO to observe gamma-ray fluxes comparable to
those expected from magnetar bursts and flares (Abe et al. 2025).
The burst analysis method described in Sect. 4 is an alterna-
tive to the standard methods of Sect. 3 and is particularly use-
ful for the analysis of fast transients such as FRBs, magnetar
bursts and flares, and short gamma-ray bursts that may belong to
a small-photon-statistics regime. Another key feature of CTAO
in the context of transient astronomy will be its capability to
swiftly react to external alerts from complementary astrophys-
ical facilities by triggering target-of-opportunity observations.
The CTAO will be able to swiftly re-point its telescopes and per-
form real-time analyses using its Science Alert Generation sys-

3 https://www.ctao.org/for-scientists/performance/

tem (Di Piano et al. 2022; Bulgarelli et al. 2024), which is part
of the Array Control and Data Acquisition of CTAO (Oya et al.
2024). A real-time analysis system has already been deployed
for LST—1 to monitor nightly observations (Caroff et al. 2023).
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Appendix A: Solution of the upper limit equation

For completeness, we provide the intermediate steps needed to obtain the explicit form of the posterior distribution Pge(sln) in

eq. (11), starting from its definition in eq. (3), and the UL equation eq. (12) in Sect. 4.1. The derivations rely on the definition of the
complete Gamma function

Iy = f " P e dt, (A.])
0

the lower incomplete Gamma function

o= [ etetar (A2)
0

and their property

Yy, x) =I'(y) - F\2(2x, 2y), (A.3)

where F,» denotes the cumulative distribution function of a x* distribution with 2y degrees of freedom (see e.g. Feigelson & Babu
2012).

A.1. Posterior Distribution

The explicit form of the marginalised likelihood follows from eq. (2) when the background prior is taken to be a Dirac delta, eq. (5):

n
(S + b()) e_(s+b0).
!

Liig(nls) = Poi(n; s + bo) = (A4)
We use eq. (A.4) and eq. (10) to evaluate the normalisation in the denominator of eq. (3):
b% b%
- - 5 ba)! - -
f Tsig(8) Laig(nls) ds = f _Ob ue'(“b‘)) ds = —0' f (s+ bo)”'%e_(“b(’) ds = —0‘ et dr =
o 0 s+by n! n! Jo n! Jy,
1 1 1
b2 [ bo b2 1 1 bl 1 1
=n—°’(f t”’%e”dt—f t”’%e”dt)zn—ol[l"(n+§)—y(n+§,bo)] = n—()'[F(n+5)—F(n+§)-FXz(2bo;2n+l)
A 0 | Eq. (A3)|
1
by 1
= T{n+s 1= Fp@bo:2n+ D). (A.5)
1/2
Substituting this result into eq. (3) and simplifying shows that the prefactor b% cancels, leading directly to the posterior in eq. (11).
A.2. Upper limit
The derivation of the Bayesian UL in eq. (12) proceeds in a similar way. Starting from its definition, eq. (4), we have
SUL fSUL (s+ bo)n—% e~ (+h0) dg f:UHbO t”‘% e~ tdr
t-ae = [ Patinds = - : -
0 T(n+1)-[1-Fa@b2n+ )] T(n+1)-[1-Fae@by:2n+ 1)
) fOSUL+bo Yot dr — fobo Tet dt ) y(n + 1 osuL+ bo) —y(n + %,bo) _ F2(2(suL +bo);2n+ 1) = F\2 (2bg; 2n + 1) (A6)
C(n+1)-[1-Fa@byi2n+ D] T(n+1)-[1-Fp@be:2n+1) 1= F\2 (2bo; 2n + 1)
Rearranging, we obtain the equivalent condition:
F2 2(suL+bo);2n+1) = (1 —ac) - [1 ~ F\p (2bg; 2n + 1)] +Fpp (2bo;2n + 1), (A7)
F2 2(sur +bo);2n+1)=1-acy - [1 — F\p (2bo; 2n + 1)] , (A.8)
2(suL +bo) = F13 (1-ac- [1 ~ F\p (2bg; 2n + 1)] 20+ 1). (A.9)

From this result we can determine sy, directly, leading to eq. (12).
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