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ABSTRACT

The INTEGRAL satellite has collected a large amount of data on magnetars in our Galaxy, spanning more than 20 years starting
from 2003. The large data set obtained with the IBIS/ISGRI instrument at energies above 20 keV allows us to study both the
properties and long-term evolution of their persistent hard X-ray emission and the population characteristics of the short bursts
emitted during active periods. We are carrying out a comprehensive analysis of the observed magnetars, exploiting the most recent
calibrations and analysis software. Here we report on the long term evolution of the hard X-ray flux of the magnetars detected with
ISGRI and the results of a sensitive search for short bursts in SGR J1935+2154.

1 | Introduction

Magnetars are a small class of young neutron stars, with only
around 30 known sources (Olausen and Kaspi 2014). They are
powered by their strong magnetic field, which can reach up to
10" G (e.g., Kaspi and Beloborodov 2017; Mereghetti, Pons, and
Melatos 2015). They exhibit a variety of emissions, ranging from
short bursts that last only a few tens of milliseconds to long out-
bursts that can persist for weeks or even months. During these
outbursts, the persistent emission can increase by 10 to 10° times
above its normal level (e.g., Coti Zelati et al. 2018). The outbursts
are often correlated with an increased number of bursts, and are
followed by long periods of quiescence, during which the emis-
sion returns to a quiescent level of 10°° — 103* erg s71. In the hard
X-ray range (>10keV), a few magnetars display a hard power-law
tail extending up to ~ 200 keV, with emission energetically com-
parable to the one in the soft energy range (den Hartog et al. 2006;

Ducci et al. 2015; Gotz et al. 2007; Kuiper et al. 2006; Molkov
et al. 2005).

INTEGRAL is a satellite of the European Space Agency oper-
ating since the end of 2002. It has extensively observed the
Galactic plane, thus providing long-term coverage of the whole
population of Galactic magnetars. Here we concentrate on data
obtained with IBIS (Imager on Board of the INTEGRAL Satel-
lite, Ubertini et al. (2003)), which is a coded-mask instru-
ment comprising two detectors, ISGRI and PICSIT. ISGRI oper-
ates in the ~ 20 — 1000 keV range, providing photon-by-photon
data that allow high-resolution timing and imaging with 12
arcmin angular resolution in a field of view of 29 x 29 deg?
(Lebrun et al. 2003).

We used data of the ISGRI detector to study both the persistent
hard X-ray emission and the short bursts of magnetars, exploiting
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FIGURE1 |

Year

Long term evolution of the luminosity in the 20-80keV energy range for five magnetars. The adopted distances are 3.6 kpc for 4U

0142+61, 3.8 kpc for RXS J1708-40, 8.7 kpc for SGR 1806-20, 8.5 kpc for 1E 1841-045, and 6.0 kpc for PSR J1846-0258.

the most recent software, Off-line Scientific Analysis (OSA) ver-
sion 11.2 (Goldwurm et al. 2003), and calibrations.

2 | Data Analysis and Results

2.1 | Long Term Light Curves

In order to optimize the imaging performances and reduce sys-
tematic background effects, INTEGRAL observes using a dither-
ing strategy. As a result, the data are split into short point-
ings called Science Windows (ScWs) with typical duration of
~30min each.

To study the long term evolution of the hard X-ray emission, we
selected all the ScWs pointed within 10” from the source of inter-
est. This guarantees a good sensitivity and a well-known response
of the instrument. We removed all the ScWs affected by high back-
ground or other instrumental problems.

The lower energy threshold of the ISGRI instrument evolved dur-
ing the mission due to the aging of the detector, from ~18keV in
the early years to the current value of ~30keV. In order account
for this effect without losing too much sensitivity, we created
images in the broad energy range [ E;, — 80keV], with E_;, cal-
culated to ensure stable response of the instrument and taking
progressively increasing values from 18 to 30 keV as the mission
evolved.!

In general, the persistent emission of our targets is too faint to
be detected in single ScWs. Therefore, we stacked ScWs for time
intervals sufficiently long to reach a detection significance of at
least 70 for each magnetar. This value was chosen after several
tests which showed that lower confidence levels may lead to an
overestimate of the flux.

We then used the mosaic_spec tool in OSA to extract from
the created mosaics the background-subtracted count rates of
the source. A 5% systematic uncertainty was added to the count
rate statistical errors. These count rates (extracted in different
energy intervals) were then converted to fluxes in the 20-80 keV
range, using the conversion factors derived from the proper
(time-dependent) response files created ad hoc for each mosaic.

Since the magnetar hard X-ray emission in the analyzed energy
range is usually well described by a power law with photon index
I" between 1 and 2, we assumed I' = 1.7 and, to account for pos-
sible different slopes, we included an additional 5% flux uncer-
tainty, that would result for I" between 1 and 2.5.

We could create long term lightcurves (shown in Figure 1)
for the five sources listed in Table 1. We also include the
allegedly rotation-powered PSR J1846-0258 which exhibited
magnetar-like behavior in 2006 (Gavriil et al. 2008; Kuiper and
Hermsen 2009) and in 2020 (Kuiper et al. 2020). Three more
magnetars were detected only for short time periods and are
not shown in the figure. They are SGR 050144516 and 1E
1547.0-5408, detected during an outburst occurring in 2008 and
2009, respectively, and SGR 1900414, which was visible in 2004
and had only a few low-confidence detections in the following
years. The variability factor, defined as V; = F, .,/ F.;,» and the
error weighted average flux of the sources are listed in Table 1.

2.2 | Bursting Activity From SGR J1935+2154

SGR J1935+2154 has been one of the most active magnetars in
recent years. Since its discovery in 2015, it went through mul-
tiple outbursts (Borghese et al. 2022; Ibrahim et al. 2024; Lin
et al. 2020a, 2020b; Younes et al. 2020, 2017) connected with
bursting activity. During one of the most active periods, in April
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TABLE1 | Listof detected magnetars with their average X-ray fluxes
(Fipean) and variability factors (V;).

Source Fean® Ve

4U 0142+61 3.83+0.16 1.9+04
RXS J1708-40 1.80 +0.13 3.0+£0.8
SGR 1806-20 3.31+0.10 10.2+3.1
1E 1841-045 4.42+0.12 22+04
PSR J1846-0258 3.26 +£0.14 23+04

2Error weighted average flux in the 20 — 80 keV energy range in units of
107" ergem~2 57! excluding upper limits.

2020, it emitted a so-called “burst forest” consisting of more
than 200 burst within 20 min (Cai, Xue, et al. 2022; Kaneko
et al. 2021; Younes et al. 2020). A few hours later it also pro-
vided evidence for a connection between magnetars with Fast
Radio Burst (FRB), because it emitted a strong FRB-like burst of
radio emission simultaneously with a hard spectrum X-ray burst
(Bochenek et al. 2020; CHIME/FRB Collaboration et al. 2020; Li
et al. 2021; Mereghetti et al. 2020; Ridnaia et al. 2021; Tavani
et al. 2021). We searched for all public ScWs in the INTEGRAL
archive in which source was within 14.5 from the pointing direc-
tion. We eliminated the ScWs affected by strong and/or highly
variable background, finally resulting in 12,409 ScWs for a total
observing time of about 31 Ms.

For each ScW, we selected only events registered by the detec-
tor’s pixels that were illuminated by the source for at least 50%
of their surface. We extracted 15-300 keV light curves in seven
logarithmically-spaced time bins of duration between 10 ms and
1.28s. These were then examined looking for bins in which
counts significantly exceeded a threshold corresponding to a 3¢
level, accounting for the total number of bins. All the triggers
found in the light curves with this procedure were then examined
exploiting the imaging capabilities of the detector to confirm their
nature and association with the magnetar.

This finally led to a sample of 182 bursts, most of which (149)
were emitted during the outburst in October 2022. In particular,
we observed 137 bursts between October 12 at 12:47 UT and Octo-
ber 13 at 00:56 UT. Two minutes after the last burst, there was a
gap in observation until October 14 at 6:43 UT. The next burst
was observed at 20:48:37 UT, after more than 38 ks of observation
time. In the following analysis, we focused on the 149 bursts of
the October 2022 outburst.

To derive the burst properties, we corrected the number of
detected counts to take into account the off-axis position and the
dead-time of the detector, which isequal to 114 uss for each illu-
minated module of the detector (G6tz et al. 2006). In Figure 2 we
show the resulting number of counts for each burst as a function
of time.

We estimated the duration Ty of the bursts using Bayesian
Blocks (Scargle 1998). This technique segments a non-binned
event list into time intervals, each of which has no statistically
significant variability within itself. This allows the identification
of significant change points that mark the start of new intervals,
enabling a more precise determination of the burst duration.
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FIGURE 2 | Corrected number of counts for each burst detected by
ISGRI in the October 2022 outburst of SGR J1935 + 2154. Saturated bursts
are indicated by light-blue arrows representing the lower limit.

We plotted in Figure 3 (left panel) the distribution of the loga-
rithms of the durations. It is well fit by a Gaussian with mean
114 + 9 ms. The plot of burst duration over time (right panel of
Figure 3) shows that the longest bursts occurred mostly during
the peak of bursting activity.

We selected bursts with at least 300 counts to perform spectral
analysis. We defined start and stop times for spectral extraction
based on the Ty durations. Six bursts were affected by telemetry
saturation which caused gaps in their lightcurves. For their spec-
tral analysis, we excluded gap periods, and we treat the obtained
flux as a lower-limit.

We used OSA to extract spectra of the burstsin 12 logarithmic bins
between 30 and 300 keV. We performed spectral analysis with
Xspec version 12.12 (Arnaud 1996). We used two models: an opti-
cally thin thermal bremsstrahlung (OTTB) and an exponentially
cut-off power law (COMPT). The single component OTTB model
provided a good fit for 38 bursts, yielding an error-weighted aver-
age temperature of kKT = 23.4 + 0.3 keV, while the COMPT model
had a good fit in case of 16 bursts, with the average parame-
ters « = —0.03 £ 0.21 and E, ., = 35.1 + 1.3keV. In Figure 4 we
show the distribution of the OTTB model temperatures in the left
panel and the temperature vales as a function of time in the right
panel.

The brightest burst was detected at 15:20:30.95 UT of 2022-10-12.
It had an average flux of at least (1.46 + 0.05) X 10~® ergcm =257,
and a fluence of (1.60 + 0.05) x 107% ergcm™2 (these are lower
limits because this burst was affected by telemetry saturation).
The burst spectral shape was not significantly different from that
of the other bursts, as the OTTB model gave a temperature of
kT = 21.2 + 0.8 keV, and the COMPT model gave a = 0.2 + 0.6
and Ee, = 27977 keV.

We calculated the fluences (30-300keV) of the bursts based
on the detected counts and converted them to physical units
using the average parameters found with the OTTB fits. This
resulted in an energy to count conversion factor ECF of 1.4 X
107'%ergcm2. The integral distribution of the burst fluences
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than S. Black line shows fit of power law with the slope of 0.69 above

6.71 X 10~° ergcm 2.

is shown in Figure 5. It is well fitted with a power law with

index —0.69 + 0.01 for 30-300keV fluences greater than 6.71 X

10~ ergcm™2.
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3 | Conclusions

‘We have reported some results of our ongoing systematic reanaly-
sis of all the magnetars observed with INTEGRAL. The long term
light curves of the hard X-ray flux spanning more than 20 years
show that the most variable source is SGR 1806-20, which emit-
ted a giant flare in December 2004 (Mereghetti et al. 2005). Its
hard X-ray emission peaked in October 2004, before the giant
flare, and then it decreased by a factor of 10 in a period of 15 years.
The other sources show only small variability, less than a factor
of 3.

SGR J1935+2154 had one of the most active episodes on 12th
October 2020. In about 12 h, INTEGRAL detected 137 bursts. For
comparison, only 45 other bursts were detected by INTEGRAL in
the remaining 31 Ms. in which it observed this magnetar.

The burst durations follow a log-normal distribution, as it has
been observed in other magnetars (e.g., Collazzi et al. 2015;
Gavriil, Kaspi, and Woods 2004; Gogiis et al. 2001). The average
duration 114 + 9 ms agrees with that seen in previous bursting
periods, which were in the range of 72 — 182 ms (Lin et al. 2020a,
2020b).
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The cumulative distribution of the SGR J1935+2154 burst flu-
ences (LogN-LogS) during the October 2022 activity period
is well described by a power law with slope of —0.69 +
0.01 for 30-300keV fluences above ~ 6.7 x 10~° ergcm™2. For
our adopted spectral shape, this limit corresponds to ~ 2 X
108 ergcm™ in the 8-200keV range used by Lin et al. (2020a)
and Cai, Xiong, et al. (2022) for Fermi/GBM and HXMT data,
respectively. Our LogN-LogS is consistent with that found by
these authors.
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Endnotes

! See section Known Limitations in the IBIS Analysis User Manual avail-
able at the ISDC website http://isdc.unige.ch/integral/analysis.
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