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ABSTRACT

Context. The radio emission from magnetars is poorly understood and poorly characterized observationally, particularly for what con-
cerns single pulses and sporadic events. Interest in this type of radio emission has been boosted by the detection of an extremely bright
millisecond radio signal from the Galactic magnetar designated as SGR J1935+2154 in 2020, which occurred almost simultaneously
with a typical magnetar short burst of X-rays. As of now, this event remains the Galactic radio pulse that is the most reminiscent of
fast radio bursts, and it is the only one that has a sound association with a known progenitor.

Aims. We aim to constrain the rate of impulsive radio events from magnetars by means of intensive monitoring using a high-sensitivity
radio telescope.

Methods. We performed a long-term campaign on seven Galactic magnetars (plus one candidate) using the Northern Cross transit
radio telescope (in Medicina, Italy), searching for short timescales and dispersed radio pulses.

Results. We obtained no detections in ~560 hours of observation, setting an upper limit at a 95% confidence level of <52 yr~! on the
rate of events with energy 2102 erg, which is consistent with limits in the literature. Furthermore, under some assumptions regarding
the properties and energetic behavior of magnetars, we find that our upper limits point toward the fact that the entire population of

observed fast radio bursts cannot be explained by radio bursts emitted by magnetars.

Key words. stars: magnetars — pulsars: general

1. Introduction

Magnetars are a class of neutron stars characterized by their
high magnetic field strength (10'4~10" G) and their pecu-
liar emission behavior (Mereghetti 2008; Turolla et al. 2015;
Kaspi & Beloborodov 2017; Esposito et al. 2021). These com-
pact objects can exhibit persistent and transient X-ray emis-
sion and, in some cases, also optical and infrared counterparts
(Chrimes et al. 2025 and references therein). The signature fea-
ture of magnetars is their bursting activity. In addition, their
emission and timing properties can undergo enormous changes

* Corresponding author: andrea.geminardi@iusspavia.it

over different timescales, and these sharp variations are unpre-
dictable (Rea & Esposito 2011). The longest magnetar events
are the outburst phases, where the X-ray luminosity grows by
a few orders of magnitude with respect to the quiescent phases,
and they can last from weeks to years (Coti Zelati et al. 2018).
On shorter timescales, magnetars exhibit explosive events such
as short bursts (<1s and luminosity L ~ 10°°-10* ergs™),
which are often clustered in activity windows that can last
for days (Gogiis et al. 2001; Israel et al. 2008; Esposito et al.
2008). The rarest events at shorter timescales are extremely ener-
getic giant flares, during which the initial millisecond gamma-
ray flash (L ~ 10¥-10%" ergs™') is followed by a fading X-
ray and y-ray afterglow modulated at the neutron star spin
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period that can last for minutes and has a characteristic total
energy of ~10*erg (Mazets et al. 1979a; Hurley et al. 1999a;
Palmer et al. 2005). So far, the number of Galactic sources iden-
tified as magnetars is around 30 (Olausen & Kaspi 2014)". How-
ever, the number of these sources in our Galaxy is expected to
be much higher (Muno et al. 2008; Gullén et al. 2015; Pardo
et al., in prep.). At radio wavelengths, ephemeral pulsations
have been detected only from five magnetars during outburst
phases (Camilo et al. 2006, 2007; Levin et al. 2010; Rea et al.
2013a; Esposito et al. 2020, and references therein)?. The energy
involved in their radio emission is comparable or higher with
respect to standard rotation-powered pulsars, while some clearly
different features distinguish the bursting behaviors of these two
classes (Kramer et al. 2007). Radio pulses coming from mag-
netars present a harder spectrum (ccv="3). In particular, the short
timescale and unpredictable variations of the shapes of the pulses
do not permit identification of a characteristic pulsing profile.

Owing to their extreme properties and bursting behavior,
magnetars are often invoked in various astrophysical phenom-
ena, such as gamma-ray bursts or super-luminous supernovae
engines and ultra-luminous X-ray sources (Dall’Osso & Stella
2022). In recent years, one of the most intriguing proposed mag-
netar associations is that with the so-called fast radio bursts
(FRBs Popov et al. 2018; Bailes 2022; Zhang 2023).

Fast radio bursts are powerful millisecond bursts of celes-
tial origin detected only at radio frequencies. Their high
spectral luminosity, typically greater than 10** erg s~ Hz™!, and
extreme brightness temperature (210°° K, with some of them
exceeding 10°® K) suggest coherent emission mechanisms in
compact sources (Nimmo et al. 2022). Among the great variety
of models proposed to explain these intriguing signals, those
involving the magnetosphere of magnetars or shocks beyond
the magnetosphere are among the most popular and promising
(Platts et al. 2019). Since their discovery in 2007 (Lorimer et al.
2007), more than 800 FRB sources have been found (Xu et al.
2023), and current estimations suggest a high all-sky rate of
FRBs of ~500 per day above a 5Jyms threshold at 600 MHz
(CHIME/FRB Collaboration 2023a). Fast radio bursts show high
flux densities (a few Jy, approximately reaching the kJy level in
a few cases; CHIME/FRB Collaboration 2024), and their char-
acteristic high dispersion measure (DM), which far exceeds the
predicted Galactic contribution in the directions of arrival of
the FRBs, points to an extragalactic origin. Some associations
with galaxies, with the most distant detected so far at redshift
z ~ 1 (Ryder et al. 2023), suggest that FRBs can come from
great distances and could be exploited in cosmological studies
(Gupta et al. 2025).

The main subdivision in the FRB population is between
sources detected only once (one-off FRBs) and those that have
shown recurrent activity (FRB repeaters), which comprise ~8%
of the known population (Xu et al. 2023)3. Current knowledge
and understanding of FRBs is not sufficient to assess whether the
repeating sources represent a standalone population with respect
to one-off FRBs and not even whether they are produced by
the same sources or mechanisms (Pleunis et al. 2021). Today,
despite many efforts, there are no counterparts associated with
any known extragalactic FRBs.

1 See www.physics.mcgill.ca/pulsar/magnetar/main.html

2 Possibly six, including SGR J1935+2154, which was detected only
with FAST in a small fraction of their monitoring time (Zhu et al. 2023).
3 However, CHIME/FRB Collaboration (2023b) suggest a repeaters
detection rate of ~3%.
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The suggested link between magnetars and FRBs was
strengthened by the peculiar radio activity observed from
SGR J1935+2154, which was an “ordinary” magnetar up until
that point. In 2020, this source emitted several bright millisecond
radio bursts (CHIME/FRB Collaboration 2020; Bochenek et al.
2020; Kirsten et al. 2021; Rehan & Ibrahim 2025). One of these
was extremely bright (CHIME/FRB Collaboration 2020), lasted
for ~1 ms, and reached a fluence of 480 kJy ms at 400—-800 MHz
and a MJyms fluence at 1.4 GHz. To date, this Galactic radio
signal is the most reminiscent of FRBs, although the inferred
energy released was a few orders of magnitude lower than the
typical FRB energy.

In this work, we aim to constrain the radio-bursting
activity of magnetar-like objects. We focused our search on
millisecond-long transients coming from Galactic magnetars
with intense monitoring at high sensitivity. Our campaign is sen-
sitive to both FRB-like events and giant pulses coming from
the observed magnetars (Lundgren etal. 1995; Camilo et al.
20006; Israel et al. 2021; Caleb et al. 2022). Furthermore, under
some assumptions, we exploited our observations to inves-
tigate the magnetar energy spectrum and their high-energy
behavior.

This paper is organized as follows: In Section 2 we describe
the targets observed in this work. In Section 3, we outline
how the data were stored and analyzed. Section 4 presents the
model used to obtain the results that are listed and discussed in
Section 5. Finally, in Section 6 we discuss the results and sum-
marize our work.

2. Targets

In this section, we summarize the properties of the sample
of magnetars that we observed. We monitored all the cur-
rently known Galactic magnetars that are visible from the
Northern Cross (NC) site in Medicina, near Bologna, Italy
(Olausen & Kaspi 2014). Most of the targets are located in
the direction of the Galactic plane. Table 1 shows the coor-
dinates and estimated DMs for each source. We performed
DM estimations using the models of Cordes & Lazio (2002)
and Yaoetal. (2017) based on the electron density distri-
bution in the Galaxy and using the best fit of the relation
between the DM and the observed hydrogen column density of
He et al. (2013).

2.1. 3XMM J185246.6+003317

In 2014, 3XMM J185246.6+003317 was discovered and identi-
fied as a magnetar (Zhou et al. 2014). Based on re-analysis of
XMM-Newton data, this source was found to have had an out-
burst phase between 2008 and 2009. The neutron star rotates
with a period of P ~ 11.56s, and the upper limit on the
spin period derivative is P < 1.4 x 1073 ss™!, implying a
dipolar surface magnetic field of By, < 4.1 X 101° G (Rea et al.
2014). These are typical parameters of a low magnetic field (low-
B) aged magnetar. No radio signals have ever been detected
from this source. We note that 3XMM J185246.6+003317 is
located at a distance of 1’ from the supernova remnant Kes 79,
and the two objects have similar absorption properties. There-
fore, as in Zhou et al. (2014), we assumed ~7.1 kpc as the dis-
tance for both Kes 79 and the magnetar. The sky coordinates
used for the observations of this target are RA = 18152M46.67¢,
Dec =+00°33"17.8" (J2000).
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Table 1. Localization and predicted Galactic DM contributions for the magnetar sample.

Name Gal L Gal B D ny DMnNg200t DMymwie  DMuu DM, .adio Ref.
(deg) (deg) (kpc) (102 cem™)  (peem™) (peem™) (peem™3) (pcem™)

3XMM J185246.6+003317 33.5785548 —-0.0450683 7.1 +2.1 1.32+0.05 4413;2 10201’222 440 + 16 No 1
SGR 1900+14 43.0034808 0.8520327 125+ 1.7 2.12+0.08 609’:;3 526ﬂg5 707 £ 26 No 2,3
SGRJ1935+2154 57.2467449 0.8189765 9.0+2.5 1.6 0.2 2931’}?2 3204_’?(1)9 533 £ 67 332.7206 + 0.0009 4,5,6
SGR2013+34 72.3203222 -0.1010242 8.8+2.4 - 2791’??0 3021'?(3)3 - No 7
1E 2259+586 109.0873535 -0.9957528 3.2+0.2 1.21+0.04 99fH 15412 403 £ 13 No 8,9
40 0142+61 129.3839879 -0.4307465 3.6+0.4 1.00+0.01 96f{? 161fg 333+3 No 10, 11
SGR 0418+5729 147.9790422 5.1191370 2.0+0.6 0.115+0.006 6332 93f§§ 38+2 No 12,13
SGR 0501+4516 161.5466873 19489249 2.0+0.6 0.88+0.01 71’:;7z 109fgz 293 £3 No 14, 15

Notes. The second and third columns list the Galactic latitude and longitude of the targets, respectively. The fourth column contains the distances
adopted for the magnetars. The distances of 3XMM J185246.6+003317, SGR 2013+34, SGR 0418+5729, and SGR 0501+4516 are discussed in
the literature. Therefore, we chose conservative uncertainty intervals of +30% around the most credible values. The fifth column presents the
hydrogen column density derived from high-energy observations. The sixth and seventh columns show the inferred DM contributions, assuming
our values for the distances using the electron density distribution models of Cordes & Lazio (2002) and Yao et al. (2017), respectively. The
eighth column contains the DM contribution obtained with the best-fit relation between ny and DM in He et al. (2013). Finally, the last column
shows the DM obtained with radio observations. This value is available only for SGR J1935+2154, as the other magnetars of our sample have
never been detected at radio wavelengths. (1) Rea et al. (2014); (2) Mereghetti et al. (2006); (3) Davies et al. (2009); (4) Zhong et al. (2020); (5)
Israel et al. (2016); (6) CHIME/FRB Collaboration (2020); (7) Sakamoto et al. (2011a); (8) Kothes & Foster (2012); (9) Pizzocaro et al. (2019);
(10) Durant & van Kerkwijk (2006); (11) Rea et al. (2007); (12) van der Horst et al. (2010); (13) Rea et al. (2013b); (14) Lin et al. (2011); (15)

Camero et al. (2014).

2.2. SGR1900+14

Discovered in 1979 (Mazets et al. 1979b), SGR 1900+14 is a
persistent X-ray source. It has a spin period of P ~ 5.20s and
a period derivative of P ~ 9.2 x 107! ss~! (Mereghetti et al.
2006). The inferred surface magnetic field is Bgp ~ 8 X
10'* G (Kouveliotou et al. 1999). SGR 1900+ 14 emitted a giant
flare in 1998 (Hurley et al. 1999a), reaching a total energy
of ~10*erg, and in the following years, several high-energy
bursts were detected from this target. Based on observations
from the Very Large Array (VLA), a fading radio source was
associated with this object just after the giant flare (Frail et al.
1999). Similar to what was observed for SGR 180620 after
its 2004 giant flare (Cameron et al. 2005), the radio source
was tentatively attributed to an outflow of relativistic particles.
The distance from Earth of this magnetar is not well estab-
lished. Kouveliotou et al. (1999) and Hurley et al. (1999b) esti-
mated a distance between 5 and 7 kpc, while others, such as
Mereghetti et al. (2006) and Davies et al. (2009), locate the mag-
netar between 12.5 and 15 kpc. According to the kinematic dis-
tance estimated in Davies et al. (2009), we assumed a distance
of 12.0 + 1.7kpc and the sky coordinates RA = 19"06™53.7°,
Dec =+09°2047.0” (J2000).

2.3. SGRJ1935+2154

The source SGRJ19354+2154 was identified as a magnetar in
2015 (Israel et al. 2016) without a detected radio counterpart.
The pulsation period is P ~ 3.24s, and the spin-down rate
is P ~ 143 x 10711gs7!, resulting in an estimated surface
dipolar magnetic field of By, ~ 2.2 X 10" G (Israel et al.
2016). This magnetar is of particular interest because it has
exhibited subsequent outburst phases since its discovery (e.g.,
Borghese et al. 2022; Ibrahim et al. 2024) and because of its
transient radio activity with several detected radio bursts. In par-
ticular, in 2020, SGR J1935+2154 emitted an FRB-like event
(CHIME/FRB Collaboration 2020) and a few other isolated
radio bursts (Kirsten et al. 2021; Rehan & Ibrahim 2025), show-
ing a dispersion measure of DMjj935 ~ 332 pc cm™>. The FRB-

like event was detected during an intense X-ray activity phase,
and it arrived in advance of 6.5 = 1.0ms with respect to a
bright X-ray burst (Mereghetti et al. 2020; Bochenek et al. 2020;
Tavani et al. 2021). The distance of SGR J1935+2154 is still an
open question. The supernova remnant G57.2+0.8 has been pro-
posed as the origin of this magnetar, with inferred distances
spanning 4.4 to 12.5kpc (Kothes et al. 2018; Ranasinghe et al.
2018). Exploiting the observational constraints and the model-
ing of the DM distribution in the direction of SGR J1935+2154,
as in Zhong et al. (2020), we assumed a distance of 9.0+2.5 kpc.
The sky coordinates used for the observations of this target are
RA = 19"34™59.5978%, Dec = +21°53'47.7864" (J2000).

2.4. SGR2013+34

SGR 2013+34 is a candidate magnetar associated with the detec-
tion of an X-ray signal (GRB 050925) in 2005 (Sakamoto et al.
2011b) of ~90ms in duration coming from a direction in the
Galactic plane. An inspection of the BATSE Gamma-Ray Burst
Catalog* produced three bursts possibly consistent with the
direction of GRB 050925 (Sakamoto et al. 2011a)°. These few
clues are not enough to establish if this target is a magnetar
or not. We observed this source for completeness and consis-
tency with the Olausen & Kaspi (2014) catalog. In the direction
of arrival of GRB 050925, there are a few Hp regions, assum-
ing that the source is associated with one of them, a distance of
8.8 kpc was inferred (Sakamoto et al. 2011a). The sky localiza-
tion of GRB 050925 is RA =20"13™56.9%, Dec = +34°19'48.0”
(J2000).

2.5. 1E2259+586

In 1981, 1E2259+586 was discovered due to its bright X-ray
pulsating behavior (Fahlman & Gregory 1981), which exceeded
the energy that a common rotation-powered neutron star is

4 See gammaray.msfc.nasa.gov/batse/grb/catalog/current/
5 The typical localization accuracy is ~2° (68% containment radius),
see https://gammaray.nsstc.nasa.gov/batse/grb/rbr/
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able to emit. In 2002, 1E 2259+586 entered an outburst phase,
where its persistent X-ray flux increased by a factor of
approximately ten, showing also a bursting activity and one
glitch (a timing anomaly frequently associated with magnetars;
Woods et al. 2004). Furthermore, another outburst was detected
in 2012 (Foley et al. 2012) showing an increased soft X-ray flux,
strongly suggesting that the two classes of anomalous X-ray pul-
sars (AXPs) and soft gamma repeaters (SGRs) were actually
parts of the same population. This magnetar has a period of pul-
sation of P ~ 6.98 s, spin derivative of P ~ 4.84x 10713 s s7! and
the inferred surface magnetic field strength is Bgj, ~ 5.9 X 108 G
(Dib & Kaspi 2014). 1E 22594586 is associated with the super-
nova remnant CTB 1009 in the Galactic Perseus spiral arm located
at a distance of 3.2 + 0.2kpc (Kothes & Foster 2012) and its
sky coordinates are RA = 23h01m08.295%, Dec = +58°52/44.45"
(J2000).

2.6. 4U0142+61

One of the brightest persistent X-ray magnetars ever
detected is 4U0142+61 (Israel et al. 1994). It also showed
optical (Hulleman etal. 2000) and infrared counterparts
(Hulleman et al. 2004). This magnetar has a pulse period of
P ~ 8.69s and a spin derivative of P ~ 2 x 10712 ss~!, which
implies a surface dipolar magnetic field of Bgi, ~ 6 X 101*G
(Dib & Kaspi 2014). A possible glitch-like event (Morii et al.
2005) was reported for 4U0142+61, and it also showed
periods of high bursting activity. This magnetar is located
at a distance of 3.6 + 0.4kpc (Durant & van Kerkwijk 2006;
Tendulkar et al. 2013) at sky coordinates RA = 01"'46™22.407%,
Dec = +61°4503.19” (J2000).

2.7. SGR0418+5729

SGR 041845729 was discovered in 2009 during an outburst
phase (van der Horst et al. 2010). It is a low-B magnetar, and
its inferred surface dipolar magnetic field is Bgip, ~ 6 X 102G
due to a period of pulsation of P ~ 9.08s and a spin deriva-
tive of P ~ 4 x 107 ss™! (Esposito et al. 2010; Rea et al.
2010, 2013b). The well-studied spin-down and the low mag-
netic field of this source provided the first confirmation that
the dipolar component of the magnetic field of magnetars is
not enough to explain their behavior, suggesting a twisted and
strong multi-polar structure. No radio or other counterparts were
detected for this target. SGR 0418+5729 is arguably located at
a distance of ~2kpc in the Perseus arm (Xu et al. 2006) at sky
coordinates RA = 04"18™33.867%, Dec = +57°32/22.91” (J2000)
(van der Horst et al. 2010).

2.8. SGR0501+4516

SGR 0501+4516 is a magnetar discovered by the Neil Gehrels
Swift Observatory satellite in 2008 (Barthelmy et al. 2008;
Rea et al. 2009) while it was having a period of intense burst-
ing activity related to an outburst phase. It has a spin period of
P ~ 5.76s, a spin derivative of P ~ 594 x 1025571, and a
derived surface dipolar magnetic field of Bgi, ~ 1.9 x 10" G
(Camero et al. 2014). An optical/infrared counterpart and optical
pulsation (Dhillon et al. 2011) have both been detected for this
magnetar. Its distance is the same as for SGR 041845729 since
both sources are located in the Perseus arm (Xu et al. 20006),
with the most reliable estimate being 2 kpc (Lin et al. 2011). The
sky localization is RA =05"01™06.76°, Dec =+45°16"33.92"
J2000).
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3. Observations

The NC is a T-shaped transit radio telescope situated in Medic-
ina (BO), Italy (Locatelli et al. 2020). It is composed of two per-
pendicular arms respectively orientated along the east-west and
north-south directions. The east-west arm has a single cylindric-
parabolic antenna of size 564 x 35 m with a total of 1488 dipoles.
The north-south arm comprises an array of 64 receiving cylin-
ders, each of size 7.5%23.5 m, corresponding to a total collecting
area of ~11280m?. A great part of the telescope is under refur-
bishment, and the observations presented in this work were per-
formed using the currently available receivers (i.e., 16 cylinders
of the north-south arm), as in Pelliciari et al. (2024). The instru-
ment produces down-sampled data with a time resolution of
75 = 138 us over an operative bandwidth of ~14.8 MHz divided
into 1024 frequency channels and centered at 408 MHz.

Using the radiometer equation (Lorimer & Kramer 2012), as
in Pelliciari et al. (2024), we can estimate the flux density of a
single burst detected with the NC with a given S/N as

SEFD 1

F,=S/N .
/ AN, N1 = &) Avepw G(TOA)

ey

The system equivalent flux density (SEFD) is SEFD = 8400Jy
(Trudu et al. 2022) for every receiver, and the number of
receivers is A = 64 in the current 16 cylinder configuration.
The number of polarizations in our case is N, = 1 due to the
fact that the NC has dipoles aligned along the focal direction.
The burst full width at half maximum (FWHM) is w. The num-
ber of frequency channels is N, = 1024, and each is of width
Avyn, = 14.468 kHz, while ¢ (usually <5%) is the fraction of
channels, with respect to the total, that are excluded due to the
presence of radio frequency interference (RFI). The gain of the
NC is represented by G(ToA) € [0.493, 1] and is linked to the
primary beam attenuation of each single antenna element. The
latter depends on the time of arrival (ToA) of the burst, the atten-
uation is minimum for bursts arriving at the time of the peak
of the gain, and it increases away from the peak (see Fig. 1).
In fact, for the NC transit telescope, the observed flux den-
sity of a celestial source changes as it moves across the tele-
scope’s field of view, according to the profile shown in Fig. 1.
This beam-forming response is fit from the telescope gain pro-
file and applied to the magnetar analysis of Sect. 4. Different
from previous works (Locatelli et al. 2020; Trudu et al. 2022;
Pelliciari et al. 2023) but coherent with Pelliciari et al. (2024),
we used a dense source tracking with updates of the beam-
steering coefficients that occurred every 5 s of observation. Fur-
thermore, the northern hemisphere location and the mechanical
steering properties of NC allowed us to observe only sources
with a sky declination >0°. As our targets lie in the —0.996° <
b < 5.119° range, the Galactic plane emission is expected to
increase the telescope SEFD. We used the 408 MHz all-sky map
provided by Remazeilles et al. (2015) to estimate the sky tem-
perature in a 6° area centered on each magnetar of the sample.
We found that the sky contribution to the SEFD is negligible
(less than 3%) for any magnetar of our sample.

3.1. Data analysis strategy

The observations are stored as 16-bit SIGPROC filterbank for-
mat data (Lorimer 2011). The narrow bandwidth of the NC and
the low presence of RFIs allowed us to analyze most of the fil-
terbanks without using RFI cleaning tools. Anyway, when the
individual filterbanks provided a high number of candidates due
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Fig. 1. Gain profile of an NC observation on 3XMM J185246.6+003317
as an example. The target has a total exposure of 1548 s every day. The
exposure is defined as the amount of time per day during which the
NC can observe the target with a gain >0.5 (the gray dashed line rep-
resents this limit). The plot shows in blue the NC gain profile, which
corresponds to the primary beam attenuation, over the entire observable
interval, while the dashed yellow line represents the net observed win-
dow that, for this target, is stopped at 480 s in advance due to schedule
constraints.

1200 1400 1600

to RFI, we used the inter-quartile range mitigation (IQRM)® real-
time adaptive RFI masking (Morello et al. 2022). The incoher-
ent de-dispersion and the search for radio transients were per-
formed using the HEIMDALL algorithm (Barsdell et al. 2012).
Taking into account the high uncertainties on the Galactic DM
contribution (see Table 1), due to not well-known distances
and different possible models, we searched for candidates over
a wide DM range, from 20 to 3000 pccm™. We used a nar-
rower DM range only in the case of SGR J1935+2154, between
300 to 360pc cm~3, centered around the known DMjjo35 ~
332.7pcecm™ (CHIME/FRB Collaboration 2020). Our full use
of our computing capabilities allowed us to perform a search
adopting a fine DM sampling, with ~25000 DM steps (~1100
in the case of SGRJ1935+2154), and to look for bursts with
a maximum width of ~70 ms. The HEIMDALL-generated candi-
dates with a signal-to-noise ratio greater than seven were clas-
sified with FETCH®, a convolutional neural network trained to
distinguish between RFI and astrophysical de-dispersed signals
(Agarwal et al. 2020). We tested the efficiency of FETCH models
on NC data, and we found that combining the probabilities of
the different models improves the detectability of dispersed sig-
nals. Finally, every candidate that passed all the selection steps
underwent a deep human-based inspection.

3.2. Observing campaign

We observed the targets from 2024-01-27 to 2025-03-03 (see
Fig. 2) with daily observations as allowed by the telescope’s
scheduling constraints. In Table 2, we report the amount of
observing time for each target. Most of the observed magnetars
are distributed in the Galactic plane; therefore, the RA distribu-
tion of the targets is such that there is often overlap of visibil-
ity from the NC (see Fig. 3). Taking the overlaps of the targets
and the movement delays of the antennas into account, we were
forced to cut some of the observing intervals at the extremes.
Cropping the observing windows reduced the amount of on-
source time for the NC. However, the cutting of the extremes

6 See gitlab.com/kmrajwade/iqrm_apollo
7 See sourceforge.net/p/heimdall-astro/wiki/Home/
8 See github.com/devanshkv/fetch

of the interval implies that the parts that are erased are those that
are less sensitive due to primary beam attenuation (as shown in
Fig. 1), and we have taken this into account in the results of our
work.

4. Methods

If we apply Eq. (1) to our observing campaign, considering only
candidates with S /N > 7, the NC minimum detectable flux den-

sity is F, ~ 7.55 (ﬁ) 2 m Jy. If we convert the flux den-
sity into an energy for a source located at distance D using the
NC bandwidth Ay = 14.815 MHz and assuming a pulse duration
of w = 1 ms, we find the highest (G(ToA) = 0.493) and lowest

(G(ToA) = 1) detectable energies:

2
D
Epin = (134 -2.72) x 10% (—) erg. 2)

[pc]

The intervals of the minimum detectable energies for each mag-
netar are listed in the third column of Table 2. The uncertainties
on the distances of the targets (listed in Table 1) can influence the
minimum energy estimates, but we verified that the final con-
clusions of this work are not significantly influenced by these
changes even when assuming the extreme values.

Our sensitivity threshold corresponds to a spectral luminos-
ity of ~7.3 x 10*?ergs™' Hz™! for a 1 ms burst assuming D =
2kpc (i.e., the minimum distance in our sample of magnetars).
On the other hand, when using the maximum distance among our
targets, D = 12.5 kpc, the limit grows to ~2.8x10%** erg s~ Hz™'.
Comparing our thresholds with the known population of fast
(g1s) radio transients (Nimmo et al. 2022), we expected to
be sensitive to any FRB-like event from our sample of mag-
netars. Furthermore, especially for the closest magnetars, the
NC has the sensitivity to detect events with giant-pulse energy
(Karuppusamy et al. 2010) as well as the most energetic sin-
gle pulses from rotating radio transients and “ordinary” pulsars
(Keane 2018).

Similar to Pelliciari et al. (2023), assuming an energy power-
law distribution of single bursts, we defined the rate of events
above the minimum detectable energy coming from a single
magnetar in the primary beam attenuation interval, j, as

Emax E -y
R (Amag: Vi E > Eninj) = f Ko (E—) dE.
0

3

Eminv/

Different from Pelliciari et al. (2023), we did not restrict the rate
of events to the ones with an energy higher than Ey (i.e., using
the Heaviside function ®[E — Ey]). In fact, in our work the
low-energy events strongly influence the expected bursts rate.
In Eq. (3), we fit the NC gain profile (Fig. 1) by dividing it into
short intervals. Therefore, Epyy,; is the NC sensitivity in the gain
interval, j, computed with Eq. (1). The maximum energy of the
distribution is En,x, Eo is a reference energy used for the nor-
malization, and Kj is a normalization constant that ensures the
following:

Emax E\”
/lm = f K() (—) dE.
g, Ey

The equation defines the number of events emitted by a mag-
netar with energy above Ej. Importantly, the free parameters
of our model are Ay,, and the power-law index . Similar to
Pelliciari et al. (2023), we adopted a reference energy Ey =
3.2x 10* erg, which represents the energy of the FRB-like event

“
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Fig. 2. Observing windows during the monitoring campaign. The total exposure time is 565.92 h. Each vertical notch represents an observation.
The typical duration of a daily exposure for the different sources can be seen in Fig. 3.

Table 2. Inferred upper limits on the sample of magnetars.

Name Total exposure Enin R(E > Emin) R(E > Ejj93s5),y =1 R(E > Ejgss),y = 1.3 R(E > Ejjo3s5),y = 1.6
(hours) — 10% (erg) (") orh orh orh
3XMM J185246.6+003317 33.46 67-137 <785 <400 <8.78 <0.10
SGR 1900+14 40.58 209-424 <647 <342 <10.19 <0.17
SGRJ1935+2154 52.34 108-220 <502 <260 <6.48 <0.09
SGR2013+34 63.38 104-210 <414 <214 <5.36 <0.07
1E 2259+586 97.03 14-28 <271 <131 <191 <0.01
4U0142+61 116.08 17-35 <226 <110 <1.71 <0.01
SGR 0418+5729 92.95 5-11 <283 <133 <1.49 <0.01
SGR 0501+4516 70.10 5-11 <375 <176 <1.97 <0.01
All magnetars 565.92 5-424 <46 <2.92 <0.05 <4.04x 1074
All magnetars (NO SGR 2013+34) 502.54 5-424 <52 <3.74 <0.06 <4.76 x 107

Notes. The second column contains the amount of hours observed on each target. The third column represents the interval of the minimum
detectable energy above which we defined the upper limit on the rate of events. The fourth column shows the Poissonian upper limit at a 95%
confidence level on the observable burst rate. The last three columns list the inferred upper limits on the rates of events with an energy greater than
the FRB-like event of the magnetar SGR J1935+2154 using Eq. (7) for three different power-law indexes (as indicated in each column).

of SGR J1935+2154 (Margalit et al. 2020) considering our 9 kpc
assumption of the distance of SGR J1935+2154 (Pelliciari et al.
2023 assumed E;, = 2 x 10°**erg due to a different distance
estimate). Furthermore, we assumed that the maximum energy
a magnetar is able to emit depends on the energy reservoir of the
neutron star, which is a function of the surface magnetic field
strength (Margalit et al. 2020):

Emax = Emag X1~ 3 X 1044(L)2(L) er

max — ‘“mag n= 1016 G 10_5 g
Taking into account the uncertainties on the radio efficiency and
the complex magnetic field structure of magnetars, we used a
common order of magnitude for the maximum energy for all the
magnetars: Epn,x = 1.2 X 10%! erg. Here, we assumed a surface
magnetic field of Bgp = 2 X 10 G and = 107 as the effi-
ciency of the radio emission for each magnetar, as in the case of
SGR J1935+2154 radio bursts (Margalit et al. 2020).

Combining the normalization of Eq. (4) with the rate of

events of Eq. (3), we obtained

&)

1-y 1-y
Emax Emin, J

R(/lmag, v, E> Emin,j) = Amagw
max 0

(6)

From this equation, knowing that in our case Ey.x > Eg >
Evin, we could see that the choice of the maximum energy influ-
ences the inferred rate of events only when y ~ 1. If we perform
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a sum weighted on the time spent in every primary beam attenu-
ation interval T';, we obtain

2 [(Ema;_y - Emiri,;y) : Tj]'
(Ema)l(iy - E()liy) : Zj [Tj]

Finally, in the case of the entire sample of magnetars, the rate of
events expected from our sample is the sum of the rates of the
single magnetars:

R (Amag: ¥) = Amag @)

Nmag

Riot (/lmag7 7) = Z Ri. (8)
i=1

5. Results and discussion

No magnetar-related detections were found during the monitor-
ing campaign. We exploited the observing hours to set upper
limits on the burst rate of impulsive events from each target in
our sample of Galactic magnetars. We assumed a Poisson distri-
bution of events in time, and the inferred upper limits for each
magnetar are listed in the fourth column of Table 2. Considering
the entire ~560 hours of monitoring, the upper limit on the burst
rate at a 95% confidence level is Ry < 46 yr‘1 (Gehrels 1986,
Table 1). If we exclude the magnetar candidate SGR 2013+34,
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Fig. 3. Daily time distribution of the observable windows of the targets.
The NC observing intervals on each target shift by ~4 minutes per day
in advance.

the “clean” upper limit increases to Riot.clean < 52 yr‘l. The upper
limits refer only to bursts with an energy greater than the min-
imum detectable energy for each magnetar. In fact, each target
has a different minimum detectable energy interval and a differ-
ent upper limit on the burst rate, which is related to the amount
of on-source time.

The result of our power-law energy distribution model (see
Sect. 4) is a rate of single pulse events, and it can be repre-
sented using a colored scale that shows the variations of the
number of detectable events in the parameter space. The rate,
Riot, 1s a function of the free parameters of the model, which
are the slope of the power-law energy distribution (y) and the
number of events with energy greater than the energy emit-
ted by the FRB-like event of SGRJ1935+2154 (Apag). If we
combine the number of observable events computed using the
method described before (see Sect. 4) with the upper limits
obtained by our observations, we can investigate the parame-
ter space of our model and infer which are the favored com-
binations of the free parameters. The resulting plots for the
entire magnetar sample are shown in Fig. 4, while the plots
for each individual magnetar are reported in Appendix A for
completeness.

In our model, the rate of high-energy events, Ap,e, has the
role of a normalization. Therefore, having a flat energy distribu-
tion (i.e., a low ) implies that we do not expect a large popula-
tion of detectable low-energy events. On the other hand, rapidly
decreasing power-law distributions (i.e., high y) produce a large
number of low-energy events that we expect are detectable. In
Fig. 4, our results are combined with the upper limits of the
observations, and the graphs suggest that flatter energy distribu-
tions are favored over steeper ones. We note that values of y < 1
produce a flat upper limit in our plots since in that case, the Eyax
contribution dominates in Eq. (6).

Since the SGRIJ1935+2154 FRB-like event in 2020
(CHIME/FRB Collaboration 2020), a considerable effort has
been made to investigate the possible link between magnetars
and FRBs. Works such as CHIME/FRB Collaboration (2020),
Kirsten et al. (2021), Pelliciari et al. (2023) have already set
upper and lower limits on the expected burst rate of FRB-
like signals from magnetars, while Xie etal. (2025) has set
deep upper limits on the energy emitted by the magnetars
SGR J1935+2154 and 3XMM J185246.6+003317 during quies-
cent phases.

Kirsten et al. (2021) used a few European radio telescopes
to monitor the activity of SGRJ1935+2154 and obtained two
detections at 1.4 GHz in a total of 763.3 hours. Knowing that
the time separation between the two detected bursts was only
~1.4s, they fit the time intervals between subsequent bursts with
a Weibull distribution. On the other hand, in our case of non-
detections, we assumed a Poissonian distribution of events as
explained earlier. If we apply our statistics to the Kirsten et al.
(2021) work and we ignore the statistical differences and the fact
that both the observing frequency bands and sensitivities are dif-
ferent, we obtain an expected number of detectable events from
magnetars between 4—34yr~! that is consistent with our upper
limits.

If we take into account the literature observations on extra-
galactic targets, CHIME/FRB Collaboration (2020) observed
SGRJ19354+2154 and 15 nearby galaxies, and they set con-
straints on the burst rate of FRB-like events. They assumed a
number of magnetars in the Milky Way (MW), Ny,e ~ 30, and
that the number of magnetars in a galaxy is directly related to
its star formation rate, resulting in a rate of SGR J1935+2154-
like bursts per magnetar of 0.007 < Ape < 0.4yr~'. A similar
reasoning was followed in Pelliciari et al. (2023), from which
a consistent upper limit of Ayag < 0.42 yr~! was obtained. We
can use the constraints on Ay, from CHIME/FRB Collaboration
(2020) to investigate which combinations of our parameter space
are favored by our upper limits. The resulting plot is shown
in the left panel of Fig. 5, where we can observe that only
power-law indexes y < 1.4 produce observable rates consistent
with the constraints set by CHIME/FRB Collaboration (2020).
Furthermore, we can exploit the ~695hours observed in the
nearby galaxies campaign of Pelliciari et al. (2023) to obtain an
improved NC upper limit on the burst rate, resulting in Ap,g <
0.043 yr~!. The resulting plot, compared with the literature upper
limits, is shown in the right panel of Fig. 5. We used the same
conservative assumptions of CHIME/FRB Collaboration (2020),
Pelliciari et al. (2023) by setting the number of magnetars in the
MW as Ny, = 29 but including the low-energy events (i.e.,
we removed the Heaviside function in Eq. 4 of Pelliciari et al.
2023). Crucially, Npag = 29 is the number of known magne-
tars in our Galaxy, though we know that many more magnetars
may actually be present in the MW. If we define magnetars as
sources that can emit SGR-like flares, works such as Muno et al.
(2008), Gulloén et al. (2015), and Pardo et al. (in prep.) suggest
that the number of currently active neutron stars in the MW that
could behave as magnetars is between 500 and 800. Taking into
account this estimate, the upper limit (solid black line) shown
in the right panel of Fig. 5 is most likely overestimated. In our
case, we note that if we adopt a value consistent with these pop-
ulation studies of Ny, = 500, we find a NC upper limit of

Amag < 0.0025 yrl,

6. Summary and conclusions

In this work, we have used the NC radio telescope to moni-
tor seven known Galactic magnetars that are visible from the
site (Table 1). Our ~560 hours of observations did not produce
any sound detection of events directly linked to magnetars. We
exploited our long-term monitoring campaign to constrain the
rate of single pulses from this class of objects while also mak-
ing considerations on the occurrence of FRB-like events. Our
upper limit of <52 yr~! at a 95% confidence level on the cleaned
sample of magnetars is consistent with the ones estimated in pre-
vious observations (Kirsten et al. 2021). Furthermore, we mod-

A19, page 7 of 10



Geminardi, A., et al.: A&A, 700, A19 (2025)

[yr~! magnetar~!]

[yr~! magnetar~!]
m

10!

nag

2

1072

100 10°

107°

Magnetar sample (Clean)

107! 1071

107!

0.6 0.8 1.0 1.2 1.4 1.6 1.8
v

Fig. 4. Graphical representation of the power-law energy distribution model for both the entire sample of targets (left) and excluding the magnetar
candidate SGR 2013434 (right). The x-axis represents the slope of the power-law energy distribution y, while on the y-axis are the number of
events with an energy greater than the energy emitted by the FRB-like event of SGR J1935+2154 Aj,e. The two free parameters of the model are
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between the upper and lower panels is the scale of the y-axis: The upper panels are in linear scale, and the lower panels are in logarithmic scale.
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Fig. 5. Graphical representation of the power-law energy distribution model. The left panel is the same as the right panel of Figure 4. The
dashed lines represent the CHIME/FRB Collaboration (2020) lower and upper limits at a 95% confidence level on the rate of events that are
SGRJ1935+2154-like. We adopted a different scale for better visualization. In the right panel, we combined our campaign with observations of

nearby galaxies by Pelliciari et al. (2023).

eled the single pulse emission from magnetars using a power
law energy distribution, similar to Pelliciari et al. (2023). Our
upper limits constrain the free parameters of the model (y
and Ap,), suggesting a flat energy distribution of events (see
Table 2 and Fig. 4). If we include observations of nearby galax-
ies (CHIME/FRB Collaboration 2020; Pelliciari et al. 2023), the
constraints on the rate become more stringent, and the flatter
energy distributions are even more preferred (see Fig. 5). Fur-
thermore, when adopting a more realistic estimate of the num-
ber of active magnetars in MW-like galaxies (Nmag = 500), the
limits become even more stringent.

The fact that none of the targets showed X-ray bursting activ-
ity or outburst phases during our monitoring campaign could
be a hint that FRB-like events are indeed related to magnetar-
like activity windows, as in the case of SGR J1935+2154 and of
their radio emission in general. As already discussed, the typ-
ical inferred luminosity of extragalactic FRBs is a few orders
of magnitude higher than the FRB-like event observed from the
magnetar SGR J1935+2154.

It is relevant to point out that our observations constrain
Amag 10 be Amae < 7.4yr~! for flat values of the energy slope
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v, that is y < 1.1. However, for steeper energy slopes (i.e.,
v 2 1.4), the chance of observing an FRB-like event with energy
greater than that of SGRJ1935+2154 becomes increasingly
small. Furthermore, if we combine our observations with obser-
vations of nearby galaxies (CHIME/FRB Collaboration 2020;
Pelliciari et al. 2023), the constraint on Ay, for the flat energy
slopes becomes 0.007 < Apqe < 0.043 yr~!.

These results are somewhat in tension with models that
attempt to explain the all-sky FRB rate with radio bursts from
magnetars similar to SGRJ1935+2154. Indeed, James et al.
(2022) found that the extragalactic FRB rate can be explained
in terms of the evolution of the cosmic star formation rate, with
a slope of the luminosity distribution y =~ 2.1°. If there is no
significant evolution of the slope with redshift, this result is dis-
favored by our observations that tend to exclude slopes steeper
than ~1.5.

Furthermore, Margalit et al. (2020), based on radio observa-
tions of SGRJ1935+2154 (CHIME/FRB Collaboration 2020),

9 The value has been converted from their cumulative distribution to
our probability distribution.
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assumed 0.0036 < Ay, < 0.8yr™' and found that the slope
of the luminosity distribution needs to be in the 1 < y < 1.5
range to fit the extragalactic FRB rate. For this reason, they
speculated on the existence of an additional population of more
exotic magnetars not generated by core-collapse supernovae that
may need to be included in the model, as the event rate of
SGR J1935+2154-like magnetars is too small to account for the
observed extragalactic rate. As our results reduce the ranges of
allowed Ay, and y values, they imply a larger contribution from
this possible population of exotic magnetars.
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Appendix A: Individual magnetar results

In Fig. A.1, we report on our results for each individual target,
obtained using Eq. 7.
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Fig. A.1. Graphical representation of the power-law energy distribution model for each magnetar in our sample. The x-axis represents the slope of
the power-law energy distribution vy, while on the y-axis are the number of events with an energy greater than the energy emitted by the FRB-like
event of SGR J1935+2154 Ay, The rate of events obtained in every case are shown using a fixed logarithmic color code presented in the color
bars. The black line represents the upper limits obtained with our observing campaign on the possible combinations of y and A, While the black
dashed lines show reference values for graphical purposes. The difference between the upper and lower panels is the scale of the y-axis: The upper
panels are in linear scale, and the lower panels are in logarithmic scale.
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