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A B S T R A C T 

The magnetar SGR J1935 + 2154 underwent a new active episode on 2020 April 27–28, when a forest of hundreds of X-ray 

bursts and a large enhancement of the persistent flux were detected. For the first time, a radio burst with properties similar to 

those of fast radio bursts and with a X-ray counterpart was observed from this source, showing that magnetars can power at least 
a group of fast radio bursts. In this paper, we report on the X-ray spectral and timing properties of SGR J1935 + 2154 based on a 
long-term monitoring campaign with Chandra , XMM–Newton , NuSTAR , Swift , and NICER covering a time-span of ∼7 months 
since the outburst onset. The broad-band spectrum exhibited a non-thermal power-law component ( � ∼ 1.2) extending up to 

∼20–25 keV throughout the campaign and a blackbody component with temperature decreasing from ∼1.5 keV at the outburst 
peak to ∼0.45 keV in the following months. We found that the luminosity decay is well described by the sum of two exponential 
functions, reflecting the fast decay ( ∼1 d) at the early stage of the outburst followed by a slower decrease ( ∼30 d). The source 
reached quiescence about ∼80 d after the outburst onset, releasing an energy of ∼6 × 10 

40 erg during the outburst. We detected 

X-ray pulsations in the XMM–Newton data sets and derived an average spin-down rate of ∼3.5 × 10 

−11 s s −1 using the spin 

period measurements derived in this work and three values reported previously during the same active period. Moreover, we 
report on simultaneous radio observations performed with the Sardinia Radio Telescope. No evidence for periodic or single-pulse 
radio emission was found. 

Key words: stars: magnetars – stars: neutron – X-rays: bursts – transients: fast radio bursts. 
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 I N T RO D U C T I O N  

mong isolated neutron stars, magnetars are the most active, with
 distinctive high-energy phenomenology (see e.g. Kaspi & Be-
oborodov 2017 ; Esposito, Rea & Israel 2021 , for recent re vie ws).
owered by their own magnetic energy, which is stored in a
uperstrong field (up to ∼10 15 G at the surface), these objects emit X-
ay/gamma-ray bursts that last from milliseconds to tens of minutes
nd reach a wide range of X-ray peak luminosities, 10 39 –10 45 erg
 

−1 . These flaring events are often accompanied by long-lived (up to
ears) enhancements of the persistent X-ray luminosity, the so-called
utbursts (see ht tp://magnet ars.ice.csic.es ; Coti Zelati et al. 2018 ). 
Disco v ered in 2014 (Stamatikos et al. 2014 ), SGR J1935 + 2154

henceforth SGR J1935) has a spin period P ∼ 3.25 s and a spin-down
 E-mail: borghese@ice.csic.es 

t  

C  

B  

Pub
ate Ṗ ∼ 1 . 4 × 10 −11 s s −1 , implying a surface dipolar magnetic field
 p ∼ 2.2 × 10 14 G at the pole (Israel et al. 2016 ). Since its disco v ery,
GR J1935 has been one of the most acti ve magnetars, sho wing
utbursts in 2015 February, 2016 May and June, and frequent
ursting episodes (see e.g. Younes et al. 2017 ; Lin et al. 2020b ). Its
atest reacti v ation dates back to 2020 April 27, when several X-ray
nd gamma-ray instruments detected a burst storm and an increase of
he persistent X-ray flux (e.g. Palmer 2020 ; Younes et al. 2020 ). A day
fter the initial trigger, the Canadian Hydrogen Intensity Mapping
xperiment (CHIME) and the Surv e y for Transient Astronomical
adio Emission 2 (STARE2) independently detected an extremely
right radio burst (Andersen et al. 2020 ; Bochenek et al. 2020 ), with
orphology reminiscent of that of Fast Radio Bursts (FRBs; see, e.g.
aleb & Keane 2021 , for a review). The energy released was about

hree orders of magnitude larger than that of any radio pulse from the
rab pulsar (the source emitting the brightest Galactic radio pulses;
era & Chengalur 2019 ) and any giant pulse detected from the radio
© 2022 The Author(s) 
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agnetar XTE J1810–197 (Caleb et al. 2022 ), and ∼50 times smaller
han that released by the weakest extragalactic FRB observed so far
e.g. Marcote et al. 2020 ). This detection strengthened the hypothesis 
hat at least a sub-group of FRBs can be powered by magnetars at
osmological distances (Beloborodov 2017 ; Margalit et al. 2020 ). 
oreo v er, the radio burst was temporally coincident with a hard X-

ay burst (Mereghetti et al. 2020 ; Ridnaia et al. 2021 ; Tavani et al.
021 ), showing for the first time that magnetar bursts can have a
right radio counterpart. Furthermore, analysis of simultaneous radio 
nd X-ray archi v al observ ations of magnetars re vealed tw o FRB-lik e
ursts from another source, 1E 1547.0–5408 (Israel et al. 2021 ). One
f the radio bursts was anticipated by ∼1 s by a short X-ray burst,
esulting in a radio-to-X-ray fluence ratio of ∼10 −9 , proving that 
agnetars can emit radio bursts with fluences spanning o v er a wide

ange. 
No pulsed radio emission from SGR J1935 was detected in the 

mmediate aftermath of the FRB-like event (Lin et al. 2020a ). 
oordinated radio and X-ray monitoring campaigns were initiated. 
hile no other simultaneous radio and X-ray bursts were observed, 

GR J1935 emitted a few more fainter radio bursts (Zhang et al.
020 ; Kirsten et al. 2021 ) and several X-ray short bursts (see Cai et
l. 2022 and table 2 by Borghese et al. 2020 ). On 2020 October 8,
HIME detected three additional radio bursts from the direction of 
GR J1935, all clustered within one rotational period cycle (Good & 

hime/Frb Collaboration 2020 ). Follow-up observations with the 
ive-hundred-metre Aperture Sperical Telescope (FAST) caught 
umerous single pulses from the source and also detected pulsed 
adio emission (Zhu et al. 2020 ). These detections indicated that 
GR J1935 can emit radio bursts with energies spanning nearly seven 
rders of magnitude and switch on/off in the radio band. 
Here, we report on the results of the X-ray long-term monitoring 

ampaign of SGR J1935 co v ering the first ∼7 months of the outburst
ecay since its reacti v ation on 2020 April 27. We first summarize the
ata analysis procedure in Section 2 . We then present the timing and
pectral analysis, as well as a search for short bursts in Section 3 .
imultaneous radio observations are described in Section 4 . Finally, 
e discuss our findings in Section 5 . 

 X - R AY  OBSERVATIONS  A N D  DATA  

E D U C T I O N  

able 1 reports a log of the X-ray observations of SGR J1935
nalysed in this work. These comprise three Chandra pointings (two 
f which unpublished) and one XMM–Newton pointing carried out 
n 2020 between April 30 and May 18 (see also G ̈o ̆g ̈u ș et al. 2020 ),
nd subsequent multi-instrument observations performed until 2020 
o v ember 20. These data sets complement those already presented 
y Borghese et al. ( 2020 ), and provide a total time coverage spanning
bout 7 months since the source reacti v ation on 2020 April 27. 

Data reduction was performed using tools in the HEASoft package 
v. 6.29c), the Science Analysis Software (v. 19) and the Chandra
nteractive Analysis of Observations (v. 4.12) with the most recent 
alibration files. We referred photon arri v al times to the Solar system
arycentre using the Chandra position. (R.A. = 19 h 34 m 55 . s 598, 
ecl. = + 21 ◦53 

′ 
47 . ′′ 79, J2000.0; Israel et al. 2016 ) and the

PL planetary ephemeris DE 200. In the follo wing, we deri ve all
uantities assuming a distance of 6.6 kpc (Zhou et al. 2020 ) and all
ncertainties are quoted at 1 σ confidence level (c.l.). 
Diffuse emission, due to a scattering halo around the source, was 

etected at the outburst onset (Mereghetti et al. 2020 ). A detailed
nalysis of this component is beyond the scope of this work and
ill be presented in a future paper (Tiengo et al., in preparation). To
 v oid any contamination from the diffuse emission, we selected the
ackground region far from the source (at an angular separation of
t least 150 arcsec). 

.1 Swift 

he Swift X-ray Telescope (XRT; Burrows et al. 2005 ) observed
he source 29 times in 2020 between May 28 and October 14, with
ingle exposures ranging from ∼0.5 to ∼3.4 ks. The Swift /XRT was
onfigured in photon counting (PC) mode in 21 observ ations, gi ving
 readout time of about 2.5 s. The remaining observations were
erformed in windowed timing mode (WT; readout time of 1.8 ms).
e reprocessed the data using standard prescriptions. 1 For the PC- 
ode observations, we extracted source photons from a circle centred 

n the source with a radius of 20 pixels, and background photons from
n annulus with radii of 40 and 80 pixels, free of sources (1 XRT
ixel corresponds to about 2 . ′′ 36). For the WT-mode observations, 
e collected the source photons from a box of size 20 × 40 pixels

entred on the source, and estimated the background from a region of
he same size located far from the source. Net count rates are listed
n Table 1 . Only the data sets collected in the PC-mode were used
or the spectral analysis, whereas the WT-mode data were inspected 
nly for the presence of short bursts. 

.2 XMM–Newton 

GR J1935 was observed with the European Photon Imaging Camera 
EPIC) on board the XMM–Newton satellite on 2020 May 13–14 and
ctober 1–2 for an exposure time of 47.5 and 81.5 ks, respectively

for completeness, we included the observation ID 0871190201, 
lready published by G ̈o ̆g ̈u ș et al. 2020 ). In both pointings, the EPIC-
n (Str ̈uder et al. 2001 ) was operating in Full Frame mode (FF; timing
esolution of 73.4 ms). The MOS cameras (Turner et al. 2001 ) were
et in FF mode (timing resolution of 2.6 s) in the first observation and
n Small Window mode (SW; timing resolution of 0.3 s) during the
econd one. Here, we used only the data acquired with the EPIC-pn,
hich provides the data set with the highest counting statistics owing

o its larger ef fecti ve area compared to the MOS cameras. 
Standard analysis procedures were applied in the extraction of the 

cientific products. We cleaned the observations for periods of high 
ackground activity, resulting in a net exposure of 28.3 and 55.7 ks
or the two observations. We collected the source photons from a
ircle of radius 30 arcsec. The background level was estimated from
 60-arcsec-radius circle far from the source, on the same CCD. We
hecked for the potential impact of pile-up through the EPATPLOT 

ool and found a negligible pile-up fraction of ∼0.3 per cent. The
esponse matrices and ancillary files were generated by means of the
mfgen and arfgen tasks, respectively. Background-subtracted and 
xposure-corrected light curves were extracted using epiclccorr. 

.3 Chandra 

hree observations of SGR J1935 were carried out by Chandra 
sing the Advanced CCD Imaging Spectrometer (ACIS; Garmire 
t al. 2003 ) since the onset of the latest outburst in 2020 April
or a total on-source exposure time of 88.5 ks. The ACIS was set
n timed exposure (TE) mode with a frame readout time of 3.14 s
nd the source w as al w ays positioned on the back-illuminated S3
hip. The timing resolution is too coarse to study the magnetar
MNRAS 516, 602–616 (2022) 
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Table 1. Log of the X-ray and radio observations of SGR J1935 analysed in this work. 

X-ray Instrument a Obs.ID Start Stop Exposure Count Rate b kT BB R BB Flux c 

YYYY-MM-DD hh:mm:ss (TT) (ks) (counts s −1 ) (keV) (km) (10 −12 cgs) 

Chandra /ACIS (TE) 22431 2020-04-30 20:30:28 2020-05-01 02:44:51 19.8 0.147 ± 0.003 0.51 ± 0.03 2.1 ± 0.2 4.6 ± 0.4 

Chandra /ACIS (TE) 22432 2020-05-02 08:58:14 2020-05-02 23:29:51 49.9 0.137 ± 0.002 0.56 ± 0.01 1.34 ± 0.05 4.0 ± 0.1 

XMM–Newton /EPIC-pn (FF) 0871190201 2020-05-13 21:43:24 2020-05-14 10:54:26 28.3 0.388 ± 0.004 0.45 ± 0.01 1.7 ± 0.1 2.5 ± 0.1 

Chandra /ACIS (TE) 23251 2020-05-18 10:48:14 2020-05-18 16:32:19 18.8 0.116 ± 0.002 0.50 ± 0.01 1.5 ± 0.1 3.0 ± 0.1 

NICER /XTI 3655010201 2020-05-18 05:36:06 2020-05-18 13:38:40 4.7 0.29 ± 0.01 0.49 ± 0.02 1.3 ± 0.2 0.9 ± 0.1 

NICER /XTI 3020560105 d 1 2020-05-19 21:53:47 2020-05-19 22:10:40 0.9 0.50 ± 0.03 0.51 + 0 . 01 
−0 . 03 1.5 ± 0.2 1.7 ± 0.1 

NICER /XTI 3020560106 d 1 2020-05-20 07:39:40 2020-05-20 15:37:20 0.6 0.67 ± 0.04 0.51 + 0 . 01 
−0 . 03 1.5 ± 0.2 1.7 ± 0.1 

NICER /XTI 3020560107 2020-05-22 00:59:19 2020-05-22 22:54:46 5.1 0.49 ± 0.01 0.47 ± 0.02 1.5 ± 0.1 2.1 ± 0.1 

NICER /XTI 3020560108 2020-05-23 00:13:19 2020-05-23 09:42:50 3.2 0.39 ± 0.02 0.45 ± 0.02 1.8 ± 0.2 1.0 ± 0.1 

NICER /XTI 3020560109 d 2 2020-05-25 14:13:00 2020-05-25 15:55:32 0.8 0.53 ± 0.03 0.44 ± 0.02 1.8 ± 0.1 1.8 ± 0.1 

Swift /XRT (PC) 00033349067 2020-05-28 12:10:39 2020-05-28 16:59:54 2.0 0.024 ± 0.004 0.37 + 0 . 09 
−0 . 07 1.8 + 2 . 0 −0 . 6 1.9 + 0 . 4 −0 . 3 

NICER /XTI 3020560110 d 2 2020-05-28 21:10:39 2020-05-28 23:00:55 1.7 0.43 ± 0.02 0.44 ± 0.02 1.8 ± 0.1 1.8 ± 0.1 

NICER /XTI 3020560111 d 3 2020-05-29 03:22:38 2020-05-29 03:39:46 0.9 0.38 ± 0.03 0.48 ± 0.04 1.5 ± 0.02 1.7 ± 0.1 

NICER /XTI 3020560112 d 3 2020-05-30 05:42:03 2020-05-30 18:18:57 1.3 0.49 ± 0.03 0.48 ± 0.04 1.5 ± 0.02 1.7 ± 0.1 

NICER /XTI 3020560113 d 4 2020-05-31 01:50:42 2020-05-31 11:24:40 1.1 0.49 ± 0.03 0.43 ± 0.02 1.6 ± 0.02 2.6 ± 0.2 

NICER /XTI 3020560114 d 4 2020-06-01 02:37:42 2020-06-01 21:50:40 2.7 0.43 ± 0.02 0.43 ± 0.02 1.6 ± 0.02 2.6 ± 0.2 

NICER /XTI 3020560115 d 4 2020-06-02 23:34:38 2020-06-02 23:51:40 1.0 0.47 ± 0.03 0.43 ± 0.02 1.6 ± 0.02 2.6 ± 0.2 

NICER /XTI 3020560116 d 5 2020-06-03 04:12:40 2020-06-03 04:25:13 0.7 0.41 ± 0.04 0.50 ± 0.02 1.2 ± 0.1 0.9 ± 0.1 

NICER /XTI 3020560117 d 5 2020-06-04 12:45:40 2020-06-04 13:10:23 1.4 0.37 ± 0.02 0.50 ± 0.02 1.2 ± 0.1 0.9 ± 0.1 

Swift /XRT (PC) 00033349068 2020-06-05 03:37:29 2020-06-05 09:53:53 1.5 0.021 ± 0.004 0.4 + 0 . 2 −0 . 1 1.6 + 5 . 7 −0 . 7 2.6 + 0 . 8 −0 . 7 

NICER /XTI 3020560118 d 5 2020-06-05 04:14:56 2020-06-05 16:59:23 1.2 0.30 ± 0.02 0.50 ± 0.02 1.2 ± 0.1 0.9 ± 0.1 

NICER /XTI 3020560119 d 5 2020-06-06 05:03:57 2020-06-06T05:22:00 1.0 0.20 ± 0.02 0.50 ± 0.02 1.2 ± 0.1 0.9 ± 0.1 

Swift /XRT (PC) 00033349069 2020-06-11 01:14:49 2020-06-11 14:16:52 2.5 0.023 ± 0.003 0.55 + 0 . 10 
−0 . 09 0.9 + 0 . 4 −0 . 2 2.9 ± 0.4 

NuSTAR FPMA/B 80602313006 e 2020-06-14 06:46:09 2020-06-14 23:21:09 30.1/29.4 0.073 ± 0.002 0.44 ± 0.04 2 . 0 + 1 . 0 −0 . 5 2.0 ± 0.1 

Swift /XRT (PC) 00089040001 e 2020-06-14 10:25:15 2020-06-1413:49:53 1.9 0.029 ± 0.004 0.44 ± 0.04 2 . 0 + 1 . 0 −0 . 5 2.0 ± 0.1 

NICER /XTI 3655010301 d 6 2020-06-17 21:38:39 2020-06-17 22:06:40 1.2 0.33 ± 0.03 0.46 ± 0.01 1.4 ± 0.1 1.4 ± 0.1 

Swift /XRT (PC) 00033349070 2020-06-18 08:23:18 2020-06-18 23:11:53 2.7 0.029 ± 0.003 0.50 + 0 . 06 
−0 . 05 1.4 + 0 . 4 −0 . 3 1.4 ± 0.2 

NICER /XTI 3655010302 d 6 2020-06-18 08:29:43 2020-06-18 21:21:20 6.6 0.38 ± 0.01 0.46 ± 0.01 1.4 ± 0.1 1.4 ± 0.1 

NICER /XTI 3655010303 d 6 2020-06-18 23:59:32 2020-06-19 09:45:00 4.1 0.21 ± 0.01 0.46 ± 0.01 1.4 ± 0.1 1.4 ± 0.1 

NICER /XTI 3020560120 d 7 2020-06-20 21:05:40 2020-06-20 21:23:40 0.9 0.46 ± 0.03 0.42 ± 0.01 1.8 ± 0.2 1.7 ± 0.1 

NICER /XTI 3020560121 d 7 2020-06-21 00:01:20 2020-06-21 00:29:20 0.8 0.31 ± 0.03 0.42 ± 0.01 1.8 ± 0.2 1.7 ± 0.1 

NICER /XTI 3020560122 d 7 2020-06-22 10:17:00 2020-06-22 10:49:20 1.7 0.41 ± 0.02 0.42 ± 0.01 1.8 ± 0.2 1.7 ± 0.1 

NICER /XTI 3020560123 2020-06-23 01:36:00 2020-06-23 17:48:20 3.2 0.31 ± 0.01 0.45 ± 0.01 1.5 ± 0.1 0.8 ± 0.1 

NICER /XTI 3020560124 d 8 2020-06-24 22:41:19 2020-06-24 23:13:11 1.8 0.35 ± 0.02 0.47 ± 0.02 1.5 ± 0.01 1.0 ± 0.1 

Swift /XRT (PC) 00033349071 2020-06-25 01:30:52 2020-06-25 17:43:52 3.2 0.025 ± 0.003 0.38 ± 0.06 1.9 + 1 . 2 −0 . 5 1.6 + 0 . 4 −0 . 3 

NICER /XTI 3020560125 d 8 2020-06-25 21:57:00 2020-06-25 22:29:00 1.6 0.37 ± 0.03 0.47 ± 0.02 1.5 ± 0.01 1.0 ± 0.1 

NICER /XTI 3020560126 d 9 2020-06-27 14:29:00 2020-06-27 14:45:20 0.8 0.38 ± 0.03 0.45 ± 0.03 1.5 ± 0.2 1.1 ± 0.1 

NICER /XTI 3020560127 d 9 2020-06-28 16:31:00 2020-06-28 17:04:51 1.7 0.29 ± 0.02 0.45 ± 0.03 1.5 ± 0.2 1.1 ± 0.1 

NICER /XTI 3020560128 d 9 2020-06-29 18:53:20 2020-06-29 19:24:40 1.7 0.31 ± 0.02 0.45 ± 0.03 1.5 ± 0.2 1.1 ± 0.1 

NICER /XTI 3020560129 d 10 2020-06-30 16:19:20 2020-06-30 17:03:20 2.1 0.29 ± 0.02 0.46 ± 0.01 1.5 ± 0.1 0.9 ± 0.1 

NICER /XTI 3020560130 d 10 2020-07-01 12:25:57 2020-07-01 12:40:50 0.6 0.41 ± 0.04 0.46 ± 0.01 1.5 ± 0.1 0.9 ± 0.1 

NICER /XTI 3020560131 d 10 2020-07-02 11:41:29 2020-07-02 12:03:20 1.2 0.27 ± 0.02 0.46 ± 0.01 1.5 ± 0.1 0.9 ± 0.1 

Swift /XRT (PC) 00033349072 2020-07-02 16:24:24 2020-07-02 18:27:52 3.2 0.026 ± 0.003 0.51 + 0 . 08 
−0 . 07 1.2 + 0 . 5 −0 . 2 3.4 ± 0.4 

NICER /XTI 3020560132 d 10 2020-07-03 14:01:00 2020-07-03 14:22:40 1.1 0.37 ± 0.02 0.46 ± 0.01 1.5 ± 0.1 0.9 ± 0.1 

NICER /XTI 3020560133 d 10 2020-07-04 19:30:37 2020-07-04 19:47:06 0.8 0.33 ± 0.03 0.46 ± 0.01 1.5 ± 0.1 0.9 ± 0.1 

NICER /XTI 3020560134 d 11 2020-07-08 18:21:40 2020-07-08 18:32:57 0.5 0.31 ± 0.05 0.43 ± 0.02 1.6 ± 0.2 0.7 ± 0.1 

Swift /XRT (PC) 00033349073 2020-07-09 11:17:01 2020-07-09 21:01:52 3.4 0.027 ± 0.003 0.44 ± 0.05 1.6 + 0 . 5 −0 . 3 1.4 ± 0.2 

NICER /XTI 3020560135 d 11 2020-07-10 05:43:00 2020-07-10 05:50:07 0.4 0.28 ± 0.04 0.43 ± 0.02 1.6 ± 0.2 0.7 ± 0.1 

NICER /XTI 3020560136 d 11 2020-07-11 10:02:40 2020-07-11 11:47:40 1.3 0.26 ± 0.03 0.43 ± 0.02 1.6 ± 0.2 0.7 ± 0.1 

NICER /XTI 3020560137 d 11 2020-07-12 20:07:20 2020-07-12 20:19:40 0.7 0.31 ± 0.03 0.43 ± 0.02 1.6 ± 0.2 0.7 ± 0.1 

NICER /XTI 3020560138 d 12 2020-07-15 16:02:00 2020-07-15 19:35:40 3.1 0.23 ± 0.02 0.42 ± 0.01 1.8 ± 0.1 0.7 ± 0.1 

NICER /XTI 3020560139 d 12 2020-07-16 06:07:56 2020-07-16 17:17:00 1.4 0.32 ± 0.02 0.42 ± 0.01 1.8 ± 0.1 0.7 ± 0.1 

Swift /XRT (PC) 00033349074 2020-07-16 12:20:27 2020-07-16 23:36:52 1.5 0.026 ± 0.004 0.55 + 0 . 10 
−0 . 09 1.0 + 0 . 5 −0 . 2 1.2 ± 0.2 

NICER /XTI 3020560140 d 12 2020-07-17 03:22:40 2020-07-17 03:40:40 0.9 0.12 ± 0.03 0.42 ± 0.01 1.8 ± 0.1 0.7 ± 0.1 

NICER /XTI 3020560141 d 12 2020-07-19 00:23:40 2020-07-19 00:40:20 0.8 0.33 ± 0.03 0.42 ± 0.01 1.8 ± 0.1 0.7 ± 0.1 

Swift /XRT (PC) 00033349075 2020-07-21 22:49:04 2020-07-21 23:02:54 0.8 0.034 ± 0.006 0.4 ± 0.1 1.5 + 2 . 4 −0 . 6 1.1 ± 0.3 

Swift /XRT (WT) 00033349076 2020-07-24 00:01:53 2020-07-24 01:46:56 2.9 0.02 ± 0.01 – – –

Swift /XRT (PC) 00033349077 2020-07-30 04:17:06 2020-07-30 20:35:54 2.4 0.024 ± 0.003 0.53 + 0 . 07 
−0 . 08 1.1 + 0 . 5 −0 . 2 2.4 ± 0.6 

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/516/1/602/6584863 by IN
AF C

agliari (O
sservatorio Astronom

ico di C
agliari) user on 10 D

ecem
ber 2024



The 2020 X-ray outburst of SGR J1935 605 

MNRAS 516, 602–616 (2022) 

Table 1 – continued 

X-ray Instrument a Obs.ID Start Stop Exposure Count Rate b kT BB R BB Flux c 

YYYY-MM-DD hh:mm:ss (TT) (ks) (counts s −1 ) (keV) (km) (10 −12 cgs) 

NICER /XTI 3020560143 d 13 2020-07-31 19:03:58 2020-07-31 20:50:03 1.3 0.33 ± 0.02 0.43 ± 0.03 1.7 + 0 . 3 −0 . 1 1.2 ± 0.3 

NICER /XTI 3020560144 d 13 2020-08-01 16:45:40 2020-08-01 17:12:36 1.4 0.32 ± 0.02 0.43 ± 0.03 1.7 + 0 . 3 −0 . 1 1.2 ± 0.3 

NICER /XTI 3020560146 d 14 2020-08-03 09:22:40 2020-08-03 18:48:54 1.9 0.52 ± 0.02 0.39 ± 0.03 1.7 + 0 . 3 −0 . 2 3.3 ± 0.3 

Swift /XRT (PC) 00033349078 2020-08-04 01:59:14 2020-08-04 02:07:53 0.5 0.013 ± 0.005 0.7 + 0 . 5 −0 . 2 0.5 + 0 . 6 −0 . 2 6.9 + 31 . 4 
−6 . 7 

NICER /XTI 3020560147 d 14 2020-08-04 20:40:00 2020-08-04 21:07:36 0.8 0.34 ± 0.03 0.39 ± 0.03 1.7 + 0 . 3 −0 . 2 3.3 ± 0.3 

Swift /XRT (PC) 00033349079 2020-08-06 06:40:52 2020-08-06 23:07:52 2.9 0.015 ± 0.002 0.26 + 0 . 08 
−0 . 05 4.8 + 8 . 7 −1 . 9 0.8 + 0 . 2 −0 . 1 

NICER /XTI 3020560148 d 14 2020-08-06 12:56:23 2020-08-06 16:27:29 2.2 0.37 ± 0.02 0.39 ± 0.03 1.7 + 0 . 3 −0 . 2 3.3 ± 0.3 

Swift /XRT (PC) 00033349080 2020-08-13 18:54:37 2020-08-13 19:07:52 0.8 0.020 ± 0.005 0.5 ± 0.2 1.2 + 2 . 3 −0 . 4 2.3 + 1 . 2 −1 . 1 

Swift /XRT (PC) 00033349081 2020-08-15 20:17:15 2020-08-15 23:51:54 2.4 0.027 ± 0.003 0.44 ± 0.07 1.6 + 1 . 0 −0 . 4 2.2 ± 0.6 

Swift /XRT (PC) 00033349082 2020-08-25 17:37:39 2020-08-25 19:35:53 2.9 0.021 ± 0.003 0.40 + 0 . 07 
−0 . 06 1.7 + 1 . 0 −0 . 4 1.3 + 0 . 3 −0 . 2 

NICER /XTI 3020560149 d 15 2020-08-28 21:22:25 2020-08-28 21:41:20 0.3 0.54 ± 0.06 0.44 ± 0.04 1.6 ± 0.2 1.4 ± 0.5 

Swift /XRT (PC) 00033349083 2020-09-05 00:49:21 2020-09-05 05:33:54 2.0 0.027 ± 0.003 0.43 + 0 . 05 
−0 . 04 1.7 + 0 . 6 −0 . 3 1.4 ± 0.2 

Swift /XRT (WT) 00033349084 2020-09-10 22:39:20 2020-09-10 23:59:56 1.5 0.05 ± 0.01 – – –

NICER /XTI 3020560151 d 15 2020-09-11 05:55:00 2020-09-11 07:51:00 2.1 0.32 ± 0.02 0.44 ± 0.04 1.6 ± 0.2 1.4 ± 0.5 

Swift /XRT (WT) 00033349085 2020-09-11 09:43:06 2020-09-11 11:15:56 2.2 0.034 ± 0.008 – – –

Swift /XRT (WT) 00033349086 2020-09-17 16:52:17 2020-09-17 23:20:56 3.3 0.049 ± 0.006 – – –

Swift /XRT (WT) 00033349087 2020-09-18 00:50:43 2020-09-18 02:34:56 1.7 0.039 ± 0.008 – – –

NICER /XTI 3020560152 d 16 2020-09-19 01:50:25 2020-09-19 02:13:40 1.2 0.30 ± 0.02 0.50 ± 0.04 1.2 ± 0.2 1.3 ± 0.4 

Swift /XRT (WT) 00033349088 2020-09-19 21:18:08 2020-09-19 23:07:56 1.5 0.06 ± 0.01 – – –

NICER /XTI 3020560153 d 16 2020-09-25 05:05:56 2020-09-25 09:55:17 1.4 0.36 ± 0.02 0.50 ± 0.04 1.2 ± 0.2 1.3 ± 0.4 

XMM–Newton /EPIC-pn (FF) 0871191301 f 2020-10-01 17:22:30 2020-10-02 16:05:13 55.7 0.244 ± 0.002 0.44 ± 0.01 1.6 ± 0.1 1.3 ± 0.1 

NuSTAR FPMA/B 80602313008 f 2020-10-04 06:31:09 2020-10-05 04:51:09 40.6/40.2 0.063 ± 0.002 0.44 ± 0.01 1.6 ± 0.1 1.3 ± 0.1 

NICER /XTI 3655010401 d 17 2020-10-06 01:24:13 2020-10-06 23:32:20 9.1 0.46 ± 0.01 0.45 ± 0.01 1.4 ± 0.1 1.7 ± 0.1 

NICER /XTI 3655010402 d 17 2020-10-07 00:17:19 2020-10-07 11:27:40 14.6 0.30 ± 0.01 0.45 ± 0.01 1.4 ± 0.1 1.7 ± 0.1 

Swift /XRT (PC) 00033349089 2020-10-08 21:26:39 2020-10-08 23:05:37 2.0 0.026 ± 0.003 0.32 + 0 . 07 
−0 . 06 2.6 + 3 . 0 −0 . 9 1.2 + 0 . 4 −0 . 3 

NICER /XTI 3020560154 d 18 2020-10-09 12:55:44 2020-10-09 22:19:00 0.9 0.37 ± 0.03 0.46 ± 0.02 1.5 ± 0.1 1.0 ± 0.1 

Swift /XRT (WT) 00033349090 2020-10-09 22:31:00 2020-10-10 00:19:00 2.5 0.32 ± 0.01 – – –

NICER /XTI 3020560155 d 18 2020-10-10 02:50:21 2020-10-10 21:33:20 1.9 0.37 ± 0.02 0.46 ± 0.02 1.5 ± 0.1 1.0 ± 0.1 

Swift /XRT (WT) 00033349092 2020-10-11 16:07:14 2020-10-11 18:12:11 3.4 0.045 ± 0.004 – – –

Swift /XRT (PC) 00033349093 2020-10-12 03:20:14 2020-10-12 13:07:52 1.8 0.026 ± 0.004 0.54 + 0 . 09 
−0 . 08 1.0 + 0 . 5 −0 . 2 1.3 ± 0.2 

NICER /XTI 3020560157 d 18 2020-10-13 06:47:59 2020-10-13 19:24:51 2.1 0.31 ± 0.02 0.46 ± 0.02 1.5 ± 0.1 1.0 ± 0.1 

Swift /XRT (PC) 00033349094 2020-10-13 13:01:52 2020-10-13 20:59:52 1 0.023 ± 0.005 0.41 + 0 . 09 
−0 . 07 1.7 + 1 . 5 −0 . 5 0.9 ± 0.2 

Swift /XRT (PC) 00033349095 2020-10-14 07:46:27 2020-10-14 22:24:52 0.9 0.025 ± 0.005 0.4 ± 0.1 1.4 ± 0.5 1.4 + 0 . 8 −0 . 4 

NICER /XTI 3020560159 d 19 2020-10-16 21:40:00 2020-10-16 23:33:51 1.4 0.41 ± 0.02 0.47 ± 0.01 1.4 ± 0.1 0.9 ± 0.1 

NICER /XTI 3020560160 d 19 2020-10-17 00:37:21 2020-10-17 08:36:42 11.1 0.34 ± 0.01 0.47 ± 0.01 1.4 ± 0.1 0.9 ± 0.1 

NICER /XTI 3020560161 d 19 2020-10-18 18:13:20 2020-10-18 23:33:00 5.8 0.27 ± 0.01 0.47 ± 0.01 1.4 ± 0.1 0.9 ± 0.1 

NICER /XTI 3020560162 d 20 2020-10-19 00:25:24 2020-10-19 22:46:00 13.5 0.37 ± 0.01 0.47 ± 0.01 1.4 ± 0.1 1.2 ± 0.1 

NICER /XTI 3020560163 d 20 2020-10-19 23:40:02 2020-10-20 21:59:40 16.8 0.33 ± 0.01 0.47 ± 0.01 1.4 ± 0.1 1.2 ± 0.1 

NICER /XTI 3020560164 d 21 2020-10-21 00:27:02 2020-10-21 22:46:00 6.6 0.35 ± 0.01 0.48 ± 0.01 1.3 ± 0.1 1.3 ± 0.1 

NICER /XTI 3020560165 d 21 2020-10-21 23:44:35 2020-10-22 20:26:40 4.4 0.38 ± 0.01 0.48 ± 0.01 1.3 ± 0.1 1.3 ± 0.1 

NICER /XTI 3020560166 d 22 2020-10-24 13:42:00 2020-10-24 23:22:12 7.4 0.48 ± 0.01 0.44 ± 0.02 1.3 ± 0.1 3.5 ± 0.2 

NICER /XTI 3020560167 d 22 2020-10-25 11:20:59 2020-10-25 22:36:29 6.0 0.50 ± 0.01 0.44 ± 0.02 1.3 ± 0.1 3.5 ± 0.2 

NICER /XTI 3020560168 d 23 2020-10-25 23:44:58 2020-10-26 23:25:40 8.4 0.46 ± 0.01 0.45 ± 0.02 1.2 ± 0.1 3.3 ± 0.1 

NICER /XTI 3020560169 d 23 2020-10-28 12:12:01 2020-10-28 21:45:40 2.3 0.49 ± 0.02 0.45 ± 0.02 1.2 ± 0.1 3.3 ± 0.1 

NICER /XTI 3020560170 d 24 2020-11-12 15:06:40 2020-11-12 21:36:12 2.6 0.47 ± 0.01 0.48 ± 0.01 1.3 ± 0.1 0.9 ± 0.1 

NICER /XTI 3020560171 d 24 2020-11-13 12:39:00 2020-11-13 22:38:00 6.7 0.33 ± 0.01 0.48 ± 0.01 1.3 ± 0.1 0.9 ± 0.1 

NICER /XTI 3020560172 d 25 2020-11-19 11:10:56 2020-11-19 22:26:49 4.4 0.32 ± 0.01 0.44 ± 0.01 1.5 ± 0.1 1.8 ± 0.1 

NICER /XTI 3020560173 d 25 2020-11-20 11:55:00 2020-11-20 23:33:00 11.6 0.40 ± 0.01 0.44 ± 0.01 1.5 ± 0.1 1.8 ± 0.1 

Radio Instrument Frequency Bandwidth Start Stop Exposure Flux Density Upper Limit g Fluence Upper Limit g 

(GHz) (MHz) YYYY-MM-DD hh:mm:ss (TT) (hr) Periodic Emission (mJy) Single Pulse (mJy ms) 

SRT 1.5 460 2020-10-09 15:51:30 2020-10-09 19:04:12 2 × 1.3 0.1 800 
SRT 1.5 460 2020-10-10 16:31:12 2020-10-10 13:49:30 2 × 1.3 0.1 800 

Notes. a The instrumental setup is indicated in brackets: TE = timed exposure, FF = full frame, PC = photon counting, WT = windowed timing. 
b Count rate, computed after removing bursts, in the 0.3–10 keV range for Swift and XMM–Newton , in the 0.3–8 keV interval for Chandra , in the 1–5 keV band for NICER , and in the 
3–20 keV range for NuSTAR summing up the two FPMs. Uncertainties are at 1 σ c.l. 
c Observed 0.3–10 keV flux in units of 10 −12 erg cm 

−2 s −1 . 
∗ These observations were merged in the spectral analysis. 
d , e , f The spectra extracted from these observations were fitted jointly, tying up all model parameters (see Section 3.2.1 for details). 
g Upper limits are computed using the radiometer equation (Lorimer & Kramer 2004 ), assuming a pulse duty cycle of 5 per cent. 
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Figure 1. XMM–Newton EPIC-pn background-subtracted, energy-resolved 
pulse profiles for the 2020 May (left-hand panel) and October (right-hand 
panel) data sets. In the bottom panel, the dashed lines indicate the intervals 
used in the phase-resolved spectral analysis. Two cycles are shown for clarity. 
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iming properties, therefore we include these data sets only in the
pectral analysis. The observation ID 23251 was already presented
y G ̈o ̆g ̈u ș et al. ( 2020 ). Ho we ver, we re-analysed it consistently with
ur approach. 
Source photons were selected from a 1.5-arcsec circular region

entred on the source, while the background counts were extracted
rom a circle with a radius of 40 arcsec far from the source. We
stimated the impact of pile-up with WebPIMMS 

2 and found that its
raction ranges from 13 per cent to 18 per cent across the different
bservations. Hence, pile-up is not negligible in our data. We created
he source and background spectra, the associated redistribution
atrices and ancillary response files using the specextract script, and

ccounted for the effects of pile-up as explained in Section 3.2.1 . 

.4 NuSTAR 

uSTAR (Harrison et al. 2013 ) observed SGR J1935 at two epochs, in
020 June and in 2020 October. The total on-source exposure times
ere 70.7 and 69.6 ks for the focal plane module A and B (FPMA

nd FPMB hereafter), respectively. We processed the event lists
nd filtered out passages of the satellite through the South Atlantic
nomaly using the tool nupipeline. Both source and background

ounts were accumulated within a circular region of radius 100
rcsec. We then applied the script nuproducts to extract light curves
nd spectra, and generate response files for both FPMs. The source
as detected up to ∼20 keV in both observations at a net count rate
f ∼0.07 counts s −1 and ∼0.06 counts s −1 in 2020 June and October
summing up the two FPMs), respectively. 

.5 NICER 

he X-ray Timing Instrument (XTI) of the NICER mission (Gen-
reau, Arzoumanian & Okajima 2012 ) monitored SGR J1935 inten-
ively in 2020, starting from its reactivation on April 27. In this
ork, we focus on 71 observations, performed between 2020 May

nd No v ember, for a total on-source e xposure time of ∼220 ks. The
ointings acquired between 2020 April 28 and July 26 were already
resented by Younes et al. ( 2020 ). Ho we ver, we decided to re-analyse
hem adopting a consistent approach with ours. 

We processed the data via the nicerdas pipeline, using the nicerl2
ool and adopting standard filtering criteria. We created the ancillary
esponse and response matrix files with the tools nicerarf and
icerrmf, respectively. The background count rates and spectra are
omputed through the nibackgen3C50 tool. 

 X - R AY  A NALYSIS  A N D  RESULTS  

.1 Timing analysis 

he arri v al times of the XMM–Ne wton /EPIC-pn photons e xtracted
rom the source and background regions were corrected to the
arycentre of the Solar system. Coherent pulsations were detected
n the power spectra of both data sets at a high significance level
 > 11 σ ; Israel & Stella 1996 ). By means of a phase-fitting timing
nalysis in each pointing, we inferred the following best period:
 = 3.247361(6) s for observation ID 0871190201 (EPIC-pn data
nly; 2020 May 13) and P = 3.247778(6) s for observation ID
871191301 (EPIC-pn plus EPIC-MOSs merged data; 2020 October
). The former period is in agreement, within the uncertainties, with
NRAS 516, 602–616 (2022) 

 https:// heasarc.gsfc.nasa.gov/ cgi-bin/ Tools/ w3pimms/ w3pimms.pl . 

t  

o  

I

hat reported by G ̈o ̆g ̈u ș et al. ( 2020 ). Fig. 1 shows the corresponding
ight curves folded on the abo v e periods as a function of energy
or the two epochs. The pulse profile exhibits a quasi-sinusoidal
hape below 1 keV, well-fit by a sine function, and evolves to
 more complex morphology with increasing energy, requiring a
econd sine to properly model the shape and displaying two peaks
eparated by ∼0.47 in phase in the 5–10 keV range. The pulsed
raction (defined as the semi-amplitude of the fundamental divided
y the average count rate) increased from (14 ± 2)% in the 0.3–
 keV interval to (30 ± 2)% in the 5–10 keV interval in 2020
ay, while we detected pulsations till 5 keV during the second

bservation. We set a 3 σ upper limit of ∼ 16% in the 5–10 keV
and in 2020 October. Moreo v er, the broad-band (0.3–10 keV) pulsed
raction dropped from (18 ± 1)% to (10 ± 1)% between the two
pochs. 

A similar procedure was followed for NuSTAR data sets (we
elected photons in the 3–12 keV and 3–5 keV ranges) and the pulsar
ignal was searched in a narrow period interval around the value
nferred from the XMM–Newton data. No significant signal was
etected and 3 σ upper limits in the 24%–40% range were obtained
or the pulsed fraction. 

Based on the abo v e inferred periods and those already reported
y Borghese et al. ( 2020 ), hence co v ering a time-span of ∼5 months
rom 2020 April 28 till October 1, we inferred a first period deri v ati ve
˙
 = 3.5(1) × 10 −11 s s −1 . This estimate is a factor 2.5 higher than

he period deri v ati ve deri ved during the first four months of the 2014
utburst with a phase-coherent analysis ( Ṗ ∼ 1 . 4 × 10 −11 s s −1 ;
srael et al. 2016 ). 

https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/w3pimms/w3pimms.pl
art/stac1314_f1.eps
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Figure 2. Broad-band spectra of SGR J1935 extracted from the quasi- 
simultaneous Swift /XRT (grey), NuSTAR (black), and XMM–Newton (green) 
data on 2020 May 11–13 (top), June 14 (middle), and October 1–4 (bottom). 
XMM–Newton data were re-binned for plotting purpose. For each plot, the 
E 

2 f ( E ) unfolded spectrum is shown in the middle panel. The dashed lines 
mark the contribution of the single components to the spectral model. Post-fit 
residuals in units of standard deviations are shown in the bottom panel. 
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.2 Spectral analysis 

he spectral fitting was performed using Xspec (Arnaud 1996 ). We 
dopted the tbabs model with cross-sections of Verner et al. ( 1996 )
nd elemental abundances of Wilms, Allen & McCray ( 2000 ) to
alculate the effects of the photoelectric absorption along the line 
f sight. Following our previous work (Borghese et al. 2020 ), we
xed the hydrogen column density to N H = 2.3 × 10 22 cm 

−2 , that
s, the value inferred from a systematic analysis of high quality data
cquired during the previous outbursts of SGR J1935 (Coti Zelati 
t al. 2018 ; see also Younes et al. 2017 ). 

Due to the low photon counting statistics, the Swift /XRT 

ackground-subtracted spectra were grouped to have at least five 
ounts in each spectral channel and the W-statistic was employed 
or model parameter estimation and error calculation. For NuSTAR , 
MM–Ne wton , Chandr a , and NICER , we binned the spectra to
uarantee at least 50 background-subtracted counts per energy bin 
o as to use the χ2 statistics, unless otherwise specified. 

.2.1 Phase-avera g ed spectral analysis 

e fit the XMM–Newton and Swift /XRT spectra in the 0.5–10 keV
nergy range, and the Chandra and NICER ones in the 0.3–8 keV
nd 1–5 keV interv als, respecti v ely. F or the NuSTAR pointings, the
pectral analysis was limited to the 3–20 keV energy band owing to
he very low source signal-to-noise ratio above 20 keV. 

We start the fitting procedure by modelling the broad-band spectra 
or the epochs 2020 May 11–13, 3 June 14 and October 1–4. For each
poch, we fit the spectra jointly, forcing the model parameters to be
he same across the data sets. Moreo v er, we include a multiplicative
ormalization which was frozen to one for the NuSTAR /FPMA 

pectrum, and allowed to vary for the other instruments. This term 

akes into account cross-calibration uncertainties between different 
nstruments. Similarly as in the early stages of the outburst (Borghese
t al. 2020 ), the spectra are well described by an absorbed black-body
lus a power-law component (BB + PL; see Fig. 2 ). The best-fitting
arameters are listed in Table 2 , where we also include the results
f the broad-band spectral analysis of the observations performed 
lose to the outburst onset (2020 May 2). The 0.3–20 keV luminosity
ecreased from (4.0 ± 0.3) × 10 34 d 2 6 . 6 erg s −1 on 2020 May 2 to
2.3 ± 0.1) × 10 34 d 2 6 . 6 erg s −1 on Oct 1–4, with a contribution of
he power-law component of ∼ 75% and ∼ 45%, respectively, in the 
ame energy band ( d 6.6 is the source distance in units of 6.6 kpc). We
id not detect a clear time evolution of the photon index �, which
ttained a value of ∼1.2, and of the radius of the thermal emitting
e gion, with an av erage value of R BB ∼1.4 km. On the other hand, the
L normalization decreased by a factor of ∼2.5 and kT BB decreased 
rom 0.59 + 0 . 06 

−0 . 05 keV to 0.44 ± 0.01 keV during the time span co v ered
y the broad-band observations (2020 May 2 – October 4). 
We then fit the same model to the Swift /XRT spectra jointly,

reezing the N H to the abo v e v alue. We allo wed the other parameters
o vary, although the photon index was not constrained over the 
nergy range co v ered by Swift . Hence, we fixed this parameter to
 = 1.2, that is, the averaged v alue deri ved from the broad-band

pectral analysis including NuSTAR spectra. The same procedure 
as applied to the NICER spectra. To increase the source signal-to-
oise, we fitted together NICER spectra extracted from observations 
 We fit jointly the spectra extracted from the observations XMM–Newton ID 

871190201 and NuSTAR ID 80602313004. The latter was already presented 
n our previous work (Borghese et al. 2020 ). 

t  

d  

2

1  
erformed a few days apart, tying up all model parameters (see
able 1 ). Given the limited energy interval (1–5 keV), � was frozen

o 1.2 in this fit as well. We obtained a W-stat = 856.55 for 881
egrees of freedom (d.o.f.) for the Swift data and χ2 = 3092.3 for
495 d.o.f. for the NICER data sets. 
F or the Chandr a spectra, we estimated a pile-up fraction of 13–

8%. To correct for this effect, we included the multiplicative pile-
MNRAS 516, 602–616 (2022) 
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Table 2. Results of the joint spectral fits presented in Section 3.2 . 

Epoch kT BB R BB � Norm PL Flux a (Obs / Unabs) Flux a Unabs BB / PL χ2 /d.o.f. 
(keV) (km) (pho keV 

−1 cm 

−2 s −1 ) (10 −12 erg cm 

−2 s −1 ) 

2020 May 2 b 0.59 + 0 . 06 
−0 . 05 0.85 + 0 . 35 

−0 . 18 1.17 ± 0.06 (2.5 ± 0.4) × 10 −4 5.8 ± 0.1 / 7.8 ± 0.6 2.2 ± 0.5 / 5.6 ± 0.2 148.4/139 

2020 May 11–13 0.45 ± 0.01 1.7 ± 0.1 1.24 ± 0.04 (2.5 ± 0.2) × 10 −4 5.2 ± 0.1 / 7.9 ± 0.2 2.8 ± 0.1 / 5.1 ± 0.1 232.9/232 

2020 Jun 14 b 0.44 ± 0.04 2.0 + 1 . 0 −0 . 5 1.07 ± 0.11 (9.1 ± 2.1) × 10 −5 3.4 ± 0.1 / 6.2 ± 0.5 3.7 ± 1.3 / 2.5 ± 0.1 53.17/49 

2020 Oct 1–4 0.44 ± 0.01 1.6 ± 0.1 1.23 ± 0.07 (9.9 ± 1.4) × 10 −5 2.5 ± 0.1 / 4.4 ± 0.2 2.4 ± 0.1 / 1.9 ± 0.1 184.6/152 

Notes. a The fluxes are estimated in the 0.3–20 keV energy range. 
b For these two epochs, the NuSTAR spectrum is fitted together with a Swift spectrum taken almost simultaneously. For the latter, the W-stat = 7 for 7 
d.o.f. for May 2 and W-stat = 6.8 for 10 d.o.f. for Jun 14. 
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p model (Davis 2001 ), as implemented in Xspec, in the spectral
tting procedure. Following ‘The Chandra ABC guide to Pileup’, 4 

e allowed the grade migration parameter α to vary and fixed the
arameter psffrac equal to 0.95, that is, we assumed that 95 %
f events are contained within the central, piled-up portion of the
ource point spread function. We fit simultaneously the three spectra
dopting an absorbed BB + PL model corrected by the pile-up model.
s before, we fixed N H = 2.3 × 10 22 cm 

−2 and � = 1.2. The fit
ielded χ2 = 177.83 for 181 d.o.f. 
The best-fitting values for the radius and temperature of the

lackbody component and the total observed flux (0.3–10 keV)
orresponding to each observation are reported in Table 1 . Fig. 3
hows the temporal evolution of these quantities. After an initial rapid
ecrease o v er the course of a few days, the blackbody temperature
ettled on a steady value of ∼0.45 keV; while the blackbody radius
id not show a strong variability, attaining an average value of
1.6 km during the ∼200 d co v ered by the monitoring campaign.
hese values are consistent with those derived for the BB component
uring the previous outbursts, when the soft ( < 10 keV) spectra were
escribed by a BB + PL model and did not show any spectral
ariability, except for the brightness (Younes et al. 2017 ). Moreo v er,
hey are compatible also with the averaged spectral parameters of
he BB component ( kT BB ∼ 0.45 keV and R BB ∼ 1.5 km) as obtained
rom NICER observations carried out during 2017–2019 (Younes
t al. 2020 ). 

.2.2 Quiescent level 

he quiescent level of SGR J1935 is still unknown. In our previous
ork (Borghese et al. 2020 ), we assumed the value derived from the
wift /XRT observation performed 4 d before the outburst onset (ID
0033349044; 2020 April 23). The source signal-to-noise ratio was
ot high enough to perform a sensitive spectral analysis, therefore
e used WebPIMMS to derive an estimate of the observed flux,
4.5 × 10 −13 erg cm 

−2 s −1 (0.3–10 keV; assuming a BB spectrum
ith N H = 2.3 × 10 22 cm 

−2 and kT BB = 0.5 keV). Younes et al.
 2020 ) used the average obtained from the NICER 2017–2019 moni-
oring campaign as a flux reference value ( ∼6.7 × 10 −13 erg cm 

−2 s −1 

dopting a BB model with N H = 2.4 × 10 22 cm 

−2 , kT BB = 0.45 keV
nd unabsorbed flux of 2 × 10 −12 erg cm 

−2 s −1 ; 0.3–10 keV).
inally, Coti Zelati et al. ( 2018 ) performed a systematic spectral
tudy of the major magnetar outbursts occurred up to the end
f 2016 and identified the quiescent level of SGR J1935 with the
ux measured in the XMM–Newton observation performed on 2014
ctober 4, (8.6 ± 0.2) × 10 −13 erg cm 

−2 s −1 (0.3–10 keV; 2BB).
MM–Ne wton /EPIC pro vides the most accurate characterization of
NRAS 516, 602–616 (2022) 

 See http:// cxc.harvard.edu/ ciao/download/ doc/ pileup abc.pdf. 

d
 

p  
he spectrum of SGR J1935 at the faint flux lev els observ ed outside
he outburst episodes. Hence, we deem that the last observation
rovides the most reliable approximation to the true quiescent level
or this source. To be consistent with our analysis, we re-fit the
MM–Newton /EPIC-pn spectrum with a BB + PL model freezing
 H = 2.3 × 10 22 cm 

−2 . The fit gave an o v erall satisfactory description
ith kT BB = 0.48 ± 0.01 keV, R BB = 1.1 ± 0.1 km and � = 1 . 9 + 0 . 5 

−1 . 4 

 χ2 = 25.8 for 27 d.o.f.). We estimated the quiescent level of the
bserved flux to be equal to (8.7 ± 0.3) × 10 −13 erg cm 

−2 s −1 , that
orresponds to a quiescent luminosity of (1.3 ± 0.1) × 10 34 erg s −1 

0.3–10 keV). 

.2.3 Phase-resolved spectroscopy 

e performed a phase-resolved spectral analysis using the two
MM–Newton /EPIC-pn data sets, where we detected the source spin
eriod signal with high significance. We extracted spectra from three
hase intervals (see Fig. 1 , bottom panels) and fitted them using an
bsorbed BB + PL model. Similarly to the phase-averaged spectral
nalysis, the column density was held fixed at N H = 2.3 × 10 22 

m 

−2 for all the fits. 
First, for each epoch, we allowed only the normalizations of each

omponent to vary, while the blackbody temperature and photon
ndex were frozen at their best-fitting values for the corresponding
hase-averaged spectrum (see Table 2 ). The fit yielded χ2 = 206.9
or 159 d.o.f. and χ2 = 187.9 for 169 d.o.f. for the data sets
cquired on 2020 May 13 and October 1, respectively. We obtained
tatistically equi v alent fits by allowing all parameters to vary among
he phase-resolved spectra, with χ2 = 205.1 for 153 d.o.f. (2020

ay) and 179.8 for 163 d.o.f. (2020 October). The best-fitting values
re listed in Table 3 . The blackbody radius and temperature do not
ho w significant v ariations with the spin phase, while some hints for
 phase dependence of the power-law index may be present. 

.3 Burst search and spectral modelling 

 search for short X-ray bursts was performed on all available data
ets, using the same method outlined by Borghese et al. ( 2020 ) (see
lso, e.g. Gavriil, Kaspi & Woods 2004 ). We extracted the time series
ith time resolutions of 2.5073 s for the Swift /XRT PC-mode data,
f 73.36 ms for the XMM–Newton /EPIC-pn data sets, and of 1/16,
/32 and 1/64 s in all other cases. We labelled as bursts the bins with
 probability < 10 −4 ( NN trials ) −1 , where N is the total number of time
ins in a given light curve and N trials corresponds to the number of
iming resolutions used in the search. In Table 4 , we list the epochs
f the bursts referred to the Solar system barycenter and Fig. A1
isplays their light curves. 
On 2020 October 8–9, SGR J1935 entered a new radio active

hase with the detection of multiple radio bursts and, for the first

http://cxc.harvard.edu/ciao/download/doc/pileup_abc.pdf
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Figure 3. Time evolution of the blackbody temperature (top) and radius (middle) and of the observed flux (bottom) of SGR J1935 between 2020 April 27 and 
No v ember 20, including observations already presented by Borghese et al. ( 2020 ). The observ ed flux es are computed in the energy range 0.3–10 keV and are 
expressed in units of 10 −12 erg cm 

−2 s −1 . The solid line in the bottom panel marks the quiescent flux, (8.7 ± 0.3) × 10 −13 erg cm 

−2 s −1 . 

Table 3. Results of the phase-resolved spectral analysis presented in Sec- 
tion 3.2.3 . 

2020 May 13 
Phase kT BB R BB � 

(keV) (km) 

I 0.47 ± 0.01 1.6 ± 0.1 0.9 + 0 . 2 −0 . 3 

II 0.45 ± 0.01 1.5 ± 0.1 1.0 ± 0.2 
III 0.43 ± 0.02 1.6 ± 0.1 1.4 ± 0.2 

2020 Oct 1 

Phase kT BB R BB � 

(keV) (km) 

I 0.44 ± 0.01 1.5 ± 0.1 1.2 ± 0.3 
II 0.46 ± 0.01 1.4 ± 0.1 0.9 ± 0.3 
III 0.43 ± 0.01 1.5 ± 0.1 1.2 ± 0.3 
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ime, of pulsed radio emission at the X-ray spin period (Good &
hime/Frb Collaboration 2020 ; Zhu et al. 2020 ). On 2020 October 9,
wift /XRT observed the source for 2.5 ks and we detected 24 bursts
lustered within about ten minutes, corresponding to a burst rate 
f ∼0.04 burst s −1 . Unfortunately, no meaningful spectral analysis 
ould be carried out on the bursts detected using Swift /XRT owing
o severe pile-up and saturation effects at the measured count rates. 

On the other hand, meaningful spectra could be extracted for a cou-
le of bursts detected by NICER , that is, those dubbed 3655010201 #2
nd 3655010301 #1 in Table 4 (these are actually the events with the
argest number of counts among the NICER sample; see also Table 
1). F or these ev ents, the background lev el was estimated from the
ersistent emission detected in a close-in-time 10-s chunk of the data 
ets and the spectra were grouped to contain a minimum of 3 counts
er spectral bin, allowing us to use the W -statistic. The averaged
pectra of these bursts were then fitted with an absorbed power- 
aw model, fixing the column density to N H = 2.3 × 10 22 cm 

−2 .
e obtained the following best-fitting parameters: � = −1.2 ± 1.1 
nd averaged unabsorbed flux F X , unabs = 3 . 3 + 3 . 2 
−1 . 6 × 10 −8 erg cm 

−2 

 

−1 (0.3–10 keV) for burst 3655010201 #2 (W-stat = 4.90 for 9
.o.f.); � = 2.0 ± 0.3 and F X , unabs = 3 . 2 + 0 . 7 

−0 . 5 × 10 −8 erg cm 

−2 s −1 

0.3–10 keV) for burst 3655010301 #1 (W-stat = 46.83 for 42 d.o.f.).
No significant bursts were detected in the XMM–Newton /EPIC-pn 

ight curves. 

 S I M U LTA N E O U S  R A D I O  OBSERVATI O NS  

GR J1935 was observed with the Sardinia Radio Telescope (SRT; 
olli et al. 2015 ; Prandoni et al. 2017 ) at 1.5 GHz in 2020 on October
 and 10, simultaneously with NICER , for two consecutive 1.3-h
essions each day (see Table 1 for details). Data were recorded with
he ATNF digital backend PDFB3 5 in search mode o v er a bandwidth
f 460 MHz split into 1 MHz channels. Total intensity data were 2-
it sampled every 100 μs, except for the first half of the October 10
un, where full Stokes data were recorded every 256 s (the backend
howed signs of o v erheating and the previous configuration was
estored for the second part of the run). 

The data were folded (with the software DSPSR ; van Straten &
ailes 2011 ) using the ephemeris obtained from X-ray data and using
 dispersion measure DM = 332.8 pc cm 

−3 (Andersen et al. 2020 ),
nd blindly searched (with the package PRESTO ; 6 Ransom 2011 ) o v er
 DM range from 300 to 360 pc cm 

−3 . A search spanning ±0.1 ms
round the nominal period of the pulsar and the same DM range
s the blind search was done on the folded data using PDMP (from
he software package PSRCHIVE ; Hotan, van Straten & Manchester 
004 ). No persistent radio pulsations were found down to a flux
ensity limit of ∼0.1 mJy. 
A search for single pulses was performed on the data using the

PANDAK pipeline 7 (Gajjar et al. 2018 ) The pipeline uses RFIFIND

rom the PRESTO package for high-level radio frequency interference 
MNRAS 516, 602–616 (2022) 
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Table 4. Log of X-ray bursts detected in the NICER /XTI and Swift /XRT data 
sets. 

Instrument Obs.ID 

a Burst epoch 
YYYY-MM-DD hh:mm:ss 

(TDB) 

NICER /XTI 3655010201 #1 2020-05-18 07:19:55 
#2 13:39:39 

NICER /XTI 3020560106 #1 2020-05-20 14:06:36 
NICER /XTI 3020560108 #1 2020-05-23 01:52:53 

#2 05:01:59 
NICER /XTI 3655010301 #1 2020-06-17 22:02:05 
NICER /XTI 3655010302 #1 2020-06-18 13:20:40 
Swift /XRT (WT) 00033349076 #1 2020-07-24 00:21:13 

#2 01:42:58 
#3 01:48:38 

Swift /XRT (WT) 00033349084 #1 2020-09-10 23:56:02 
#2 23:59:28 
#3 00:04:29 

Swift /XRT (WT) 00033349085 #1 2020-09-11 09:57:07 
#2 10:03:43 
#3 11:18:33 

Swift /XRT (WT) 00033349086 #1 2020-09-17 17:13:47 
#2 18:51:31 
#3 18:55:54 

Swift /XRT (WT) 00033349087 #1 2020-09-18 00:59:54 
#2 01:03:55 
#3 02:36:07 

Swift /XRT (WT) 00033349088 #1 2020-09-19 21:25:43 
#2 22:59:11 
#3 23:09:29 
#4 23:11:05 

Swift /XRT (WT) 00033349090 #1 2020-10-09 22:43:38 
#2 22:43:47 
#3 22:44:30 
#4 22:44:55 
#5 22:45:51 
#6 22:46:13 
#7 22:47:29 
#8 22:47:43 
#9 22:47:58 

#10 22:48:08 
#11 22:48:19 
#12 22:48:24 
#13 22:48:31 
#14 22:49:16 
#15 22:50:10 
#16 22:50:12 
#17 22:50:17 
#18 22:50:46 
#19 22:50:47 
#20 22:51:29 
#21 22:52:03 
#22 22:52:43 
#23 22:53:39 
#24 22:53:44 

Swift /XRT (WT) 00033349092 #1 2020-10-11 17:53:53 
#2 18:04:27 

Note. a The notation #N corresponds to the burst number in a gi ven observ a- 
tion. 
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RFI) excision. The search for bursts/single pulses is conducted
hrough HEIMDALL (Barsdell et al. 2012 ) to quickly search across
 DM range from 0 to 1000 pc cm 

−3 . The de-dispersed time-series
ere searched for pulses using a matched-filtering technique with
 maximum window size of 400 ms. Each candidate found by
NRAS 516, 602–616 (2022) 
EIMDALL at DMs within the range 300–400 pc cm 

−3 was scrutinized
gainst all other candidates for each given observation to validate and
dentify only the genuine ones. A single candidate not resembling RFI
as found at a DM compatible with that of the previously observed
ursts (see e.g. Kirsten et al. 2021 ): DM = 332.42 pc cm 

−3 . The
andidate had a signal-to-noise ratio S / N < 7. In order to verify
he genuineness of this candidate, a 1-s segment of data around
he candidate has been reprocessed with an ad-hoc program with

ore sensitive RFI excision procedures taking into account lower
evel RFI. First, a search for the most corrupted frequency channels
n the DM zero data was carried out using the spectral kurtosis
lgorithm (Nita, Gary & Hellbourg 2016 ) as provided by the software
ackage YOUR 

8 (Aggarwal et al. 2020 ). We used a spectral kurtosis
hresholding of 5 σ . Subsequently, we applied baseline subtraction
nd the data were normalized for the average bandpass. A check for
ossible corrupted temporal bins due to the presence of impulsive
FI was then performed with inter-quantile range (IQR) mitigation,

imilarly to Rajwade et al. ( 2020 ). The reprocessed data were then
e-dispersed to the derived DM and smoothed via a 2D Gaussian
lter. After this cleaning procedure, the candidate did not display
ny FRB-like characteristics either in the dynamic spectrum, or in
he DM versus time plot, and we concluded that it was originated by
FI corrupted data. With no candidates found, we set an upper limit
f 800 mJy on the fluence of a ms-long burst happening during these
bservations. 
Since the data are uncalibrated, all upper limits reported abo v e

ave been estimated using the modified radiometer equation (see e.g.
orimer & Kramer 2004 ) adopting an antenna gain of 0.55 K Jy −1 , a
ystem temperature of 35 K, a sky temperature of 25 K (accounting
lso for the supernova remnant hosting SGR J1935), a threshold S / N
f 7, and, for the periodic emission, a duty cycle of 5 per cent. 

 DI SCUSSI ON  

n 2020 April 27, SGR J1935 entered its fifth recorded out-
urst phase, placing itself in the short list of magnetars show-
ng recurrent outbursts and frequent bursting activity, including
.g. 1E 1048.1 −5937, SGR 1627 −41, and CXOU J1647 −4552 (An,
umming & Kaspi 2018 ; Borghese et al. 2019 ; Archibald et al. 2020 ).
his latest outburst stood out from the pre vious e v ents e xperienced
y SGR J1935 because it was accompanied by a remarkable X-ray
urst forest (with more than 200 bursts detected in ∼20 min; Younes
t al. 2020 ), and the emission of an intense radio burst with properties
esembling those of FRBs and an X-ray counterpart (e.g. Andersen
t al. 2020 ; Mereghetti et al. 2020 ). 

Here we presented the temporal evolution of the spectral and
iming properties of the source as tracked by an intensive X-ray

onitoring campaign o v er ∼200 d since the outburst onset, as well
s simultaneous radio observations. 

.1 Light-cur v e modelling 

o characterize the post-outburst luminosity decay, we modelled the
emporal evolution of the 0.3–10 keV luminosity with a phenomeno-
ogical model consisting of a constant and two exponential functions: 

 ( t) = L q + 

2 ∑ 

i= 1 

A i exp ( −( t − t 0 ) /τi ) , (1) 

https://github.com/thepetabyteproject/your/


The 2020 X-ray outburst of SGR J1935 611 

w  

a  

d
1  

t  

(
t  

f
(  

a
t  

i
q
o  

n  

i
s  

m  

o  

d
i  

fi  

τ  

b  

a  

p
 

f  

T  

t  

t  

o  

∼  

h

r  

t  

f  

s  

m
t  

o
(

5

A  

N  

a
I
w
A
a  

0  

p  

m
r
d  

∼  

f
i

 

X
d  

l
f  

m
C  

T  

s
fi  

D
d  

l  

l  

a
 

t  

w
l  

l
a
h
e  

s
t  

Z
t  

t  

s
b
S
p  

t  

fl  

f  

b

5

R
i  

T
t
a
t  

n
f  

b  

t
s  

p  

s  

d
p  

(  

2  

s  

2  

I  

t
t

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/516/1/602/6584863 by IN
AF C

agliari (O
sservatorio Astronom

ico di C
agliari) user on 10 D

ecem
ber 2024
here L q is the quiescent level, t 0 is the epoch of the outburst onset,
nd the e -folding time τ can be considered as an estimate of the
ecay time-scale. We fixed t 0 to MJD 58966.7683 (2020 April 27, 
8:26:20 UTC), that is, the epoch at which Swift /BAT triggered on
he first burst emitted from SGR J1935 during this latest active period
Barthelmy et al. 2020 ). For the quiescent luminosity, we assumed 
he value derived fitting a BB + PL model to the spectrum extracted
rom the XMM–Newton observation performed on 2014 October 4, 
1.3 ± 0.1) × 10 34 erg s −1 (see Section 3.2.2 ). A 10 % error was
ssigned to each luminosity. The best-fitting values for the e -folding 
imes are τ 1 = 0.62 ± 0.09 d and τ 2 = 31.2 ± 3.5 d, highlighting an
nitial fast decay followed by a slower decrease. The source reached 
uiescence about ∼80 d after the outburst onset, releasing an energy 
f ∼5.8 × 10 40 erg. Note that the quiescent level of SGR J1935 is
ot known yet and the true value could be lower than that assumed
n this work. Therefore, the released energy and decay time-scales 
hould only be considered as a rough estimate. Younes et al. ( 2020 )
odelled the flux evolution o v er a period of three months after the

utburst onset. Similar to our results, they found two decay trends
escribed by very different e -folding times. The initial rapid decay 
s characterized by τ 1 = 0.65 ± 0.08 d, which is consistent with our
ndings. Ho we ver, the long-term flux decay has an e -folding time of
2 = 75 ± 5 d, which differs from our results. The discrepancy might
e due to the different quiescent level we assumed (see Section 3.2.2 )
nd/or to the fact that our monitoring campaign extends over a longer
eriod. 
Younes et al. ( 2017 ) derived the energy emitted for the previous

our outbursts within 10 d since the onset (see table 5 of their paper).
he energy released in the first 10 d of the 2020 outburst is equal

o ∼2.6 × 10 40 erg, second only to the 2016 June event when
he energy was estimated to be ∼3.6 × 10 40 erg. For the first two
utbursts in 2014 and 2015, the emitted energy in the first 10 d was
1.2 × 10 40 erg, while for the 2016 May episode it was slightly

igher, ∼2 × 10 40 erg. 
Overall, the values for the decay time-scale and the total energy 

eleased for the latest outburst of SGR J1935 fall at the low end of
he range of values measured for magnetar outbursts. As a matter of
act, the decay time-scale of ∼30 d is among the shortest τ measured
o far. Yet, they are still compatible with the trend of the correlation
easured previously, according to which the shorter the outburst, 

he less energetic. These results imply that the decay pattern of this
utburst is not dissimilar from those observed in other magnetars 
Coti Zelati et al. 2018 ). 

.2 Spectral evolution 

bout five days after its reacti v ation, SGR J1935 was observed with
uSTAR and Swift , revealing a hardening of the spectrum with the
ppearance of a non-thermal component extending up to ∼25 keV. 
n the following months, three additional broad-band observations 
ere performed and still detected hard X-ray emission till ∼20 keV. 
t each epoch, the non-thermal component was well modelled by 
 PL with a photon index of � ∼1.2. Its contribution to the total
.3–20 keV luminosity decreased from ∼75 per cent at the outburst
eak to ∼45 per cent after ∼5 months (Table 2 ). During the whole
onitoring campaign, besides the PL component, a blackbody was 

equired to properly model the spectrum. Its temperature rapidly 
ecayed during the first day of the outburst from ∼1.5 keV to
0.6 keV and decreased only slightly down to ∼0.45 keV o v er the

ollowing months. The corresponding emitting area was rather steady 
n time, with a radius of ∼1.6 km (Fig. 3 ). 
The spectral hardening and the detection of a power law at hard
-rays are ubiquitous properties of magnetars in outburst. The 
ecomposition of the spectral model as a blackbody plus a power-
aw component is generally interpreted in terms of thermal emission 
rom the cooling neutron star surface that gets affected by physical
echanisms taking place in the magnetosphere, such as Resonant 
yclotron Scattering (RCS; see e.g. Nobili, Turolla & Zane 2008a ).
he thermal photons produced at the surface gain energy via repeated
catterings on to charged particles flowing along the magnetic 
eld lines, leading to the formation of a tail at higher energies.
uring an outburst, magnetic stresses and instabilities induce crustal 
isplacements that can implant a strong twist of the magnetic field
ines. The detection of a hotspot suggests that the magnetic twist is
ocalized to a restricted portion of the magnetosphere, most likely to
 current-carrying bundle of field lines (Beloborodov 2009 ). 

Ho we v er, e xplaining the spectral evolution of SGR J1935 along
he outburst within the RCS scenario poses some challenges. In fact,
hile the blackbody temperature quickly drops as expected (Be- 

oborodov 2009 ; Pons & Rea 2012 ), the blackbody radius undergoes
ittle changes and, even more strikingly, the power-law index remains 
lmost constant. Actually, as recent 3D simulations have shown, the 
eated region can indeed cool without much shrinking (De Grandis 
t al. 2020 ) but the power law should become softer as the twist
ubsides (Beloborodov 2009 ). To investigate this further, we fitted 
he spectra with the NTZ model (Nobili et al. 2008a ; Nobili, Turolla &
ane 2008b ), which accounts for resonant cyclotron upscattering of 

he soft seed photons (see Table 5 ). Taken at face value, the results of
he NTZ spectral fits seem to indicate that, while the luminosity of the
ource is decaying, the decrease in the twist angle �φ is accompanied 
y an increase in the velocity βbulk of the magnetospheric charges. 
ince both these quantities control the efficiency of the scattering 
rocess and hence the steepness of the power-law tail, this may in
urn result in a nearly constant power-law index. The decrease in
ux of the non-thermal component may reflect the fact that a smaller
raction of the photons from the thermal emitting area is intercepted
y the currents in the bundle. 

.3 T iming pr operties and pulse pr ofile simulations 

egarding the timing properties, we detected the spin period signal 
n the two XMM–Newton data sets (2020 May 13 and October 1).
he pulse profile displays a variable morphology with energy. In 

he 5–10 keV interval, the profile exhibits a double-peaked shape, 
s observed in the previous NuSTAR observations performed close 
o the outburst onset (Borghese et al. 2020 ); while it evolves to a
early sinusoidal shape at lower energies. The broad-band pulsed 
raction decreased by a factor of ∼2 between the two epochs. These
ehaviours are at odds with that observed during the first months of
he 2014 outburst, when the pulse profile attained a quasi-sinusoidal 
hape, with no variation in time and energy, and the broad-band
ulsed fraction was in the 17–21 % range. These differences may
uggest that distinct regions on the neutron star surface are heated
uring each outburst. By combining the two XMM–Newton spin 
eriod measurements with those presented by Borghese et al. ( 2020 )
 P = 3.24731(1) s on 2020 April 29–30, 3.247331(3) s on May
 and 3.24731(1) s on May 11), we inferred a long-term average
pin-down rate equal to Ṗ = 3.5(1) × 10 −11 s s −1 , that is a factor
.5 larger than the Ṗ measured in 2014 ( Ṗ = 1.43(1) × 10 −11 s s −1 ;
srael et al. 2016 ). Changes in the pulse profile morphology and in the
iming parameters are common during magnetar outbursts, mirroring 
he magnetosphere variations that follow flaring activity (for a more 
MNRAS 516, 602–616 (2022) 
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Table 5 Results of the broad-band spectral fitting adopting the NTZ model (See Section 5.2). 

Epoch kT βbulk �� Norm 

(keV) (rad) 

May 2 0.67 ± 0.05 0.61 ± 0.04 0.49 ± 0.01 0.026 ± 0.002 
May 11 0.48 ± 0.01 0.65 ± 0.02 0.452 ± 0.002 0.034 ± 0.001 
Jun 14 0.50 ± 0.03 0.72 ± 0.06 0.43 ± 0.01 0.030 ± 0.005 
Oct 1 0.48 ± 0.01 0.71 ± 0.04 0.423 ± 0.002 0.024 ± 0.001 
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Figure 4. The computed pulsed fraction as a function of the two geometrical 
angles χ and ξ . The white and green contours correspond to the observed 
PF for the 2020 October 1 (9%) and of the 2020 May 13 (14%) observation, 
respectively, together with the associated 1 σ errors (dashed lines); see the 
text for details. 
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etailed discussion about the timing behaviour of SGR J1935 during
020 October 1 and No v ember 27 see Younes et al., subm.). 
Pulsations below 1 keV were detected in both XMM–Newton

ointings with a pulsed fraction of ∼14% on 2020 May 13 and
9% on October 1 (this value is ho we ver compatible with zero at the
 σ level; Fig. 1 ), and the unabsorbed BB flux decreased of about
0% between the two epochs (Table 2 ). The low measured pulsed
raction is consistent with the (nearly) constant values of the BB
arameters o v er the pulse phase, as deriv ed from the phase-resolv ed
pectroscopy (Section 3.2.3 and T able 3 ). T o gain some insight on
he source geometry and on its evolution o v er the outburst decay,
e introduce a simple model according to which thermal photons

re produced by a circular cap on the star surface heated at the
utburst onset. We assume that the cap is at uniform temperature, as
uggested by the lack of multiple BB components in the observed
pectrum (this is at variance with, e.g. the case of XTE J1810 − 197,
orghese et al. 2021 ). The cap properties are fixed by the measured
lackbody temperature ( kT c = 0.45 keV) and radius ( R BB = 1.6 km
hich results in a semi-aperture θ c ∼ 7 ◦ for R NS = 13 km); these
alues are representative of both the XMM–Newton observations of
020 May 13 and October 1 since they do not change significantly
etween the two epochs. We computed the pulse profiles of the
hermal component, as seen by an observer at infinity, as a function
f the two geometrical angles χ and ξ which measure the inclination
f the line-of-sight (LOS) and of the cap axis with respect to the
otation axis, respecti vely. General-relati vistic ef fects are taken into
ccount (see Turolla & Nobili 2013 , for details). 9 Results for the
ulsed fraction are shown in Fig. 4 where the green/white, labeled
ontour marks the value of the pulsed fraction derived in the XMM
bservation ID 0871190201 (2020 May 13) and ID 0871191301
2020 Oct 1), 14% and 9%, respectively; the dashed contours are
rawn in correspondence to 1 σ errors. Results are not particularly
onstraining for the source geometry. Ho we ver, we note that despite
he fact that no significant changes in the emission properties of the
otspot were detected, the two values of the PF do not appear to be
onsistent, at least within 1 σ uncertainties. While this can simply
eflect measurement errors, taken face value it may suggest that the
otspot (slightly) changed its position on the surface without sensible
ariations in size and temperature. 

During the X-ray monitoring campaign, the SRT observed
GR J1935 twice, on 2020 October 9 and 10, after the detection
f three additional radio bursts by CHIME on October 8 (Good &
hime/Frb Collaboration 2020 ). Moreo v er, on October 9, the FAST

elescope detected multiple radio pulses with fluence up to 40 mJy ms
nd pulsed radio emission at a period of ∼3.24 s. During the SRT
bservations, we did not detect either pulsed emission or radio
NRAS 516, 602–616 (2022) 

 Interstellar absorption and the detector response function were not accounted 
or. Ho we ver, for the particular case we are dealing with (a constant 
emperature blackbody which changes in phase because of the varying visible 
rea), the pulse profile is independent on both effects and the pulsed fraction 
s independent on the blackbody temperature. 

s  

o  

p  

o  

R  

t  

s  

4

ursts, setting an upper limit on the flux density for the former of
.1 mJy and on the fluence for the latter of 800 mJy ms. Furthermore,
 dedicated multifrequency campaign was initiated with multiple
adio facilities after the 2020 April FRB-like radio burst (Bailes
t al. 2021 ) without any successful detections. This phenomenology
ndicates that SGR J1935 can swing between a radio-loud and a radio-
uiet states, although the connection with the X-ray activity currently
emains not well understood and will need to be investigated with
ore coordinated radio and X-ray observations. 
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etector saturation limits, we do not report these quantities for the
ursts identified in the Swift /XRT data sets. 

In the table, the fluence refers to the 0.3–10 keV range and the
uration has to be considered as an approximate value. We estimated
NRAS 516, 602–616 (2022) 

able A1 Log of X-ray bursts detected in the NICER /XTI light curves. 

bs.ID Burst epoch 

YYYY-MM-DD hh:mm:ss (TDB) 

655010201 #1 2020-05-18 07:19:55 
2 13:39:39 
020560106 #1 2020-05-20 14:06:36 
020560108 #1 2020-05-23 01:52:53 
2 05:01:59 
655010301 #1 2020-06-17 22:02:05 
655010302 #1 2020-06-18 13:20:40 
t by summing the 15.625-ms time bins showing enhanced emission
or the structured bursts, and by setting it equal to the coarser time
esolution at which the burst is detected in all the other cases. 
Fluence Duration 

(counts) (ms) 

11 62.5 
15 62.5 
7 62.5 
6 31.25 
7 62.5 
47 62.5 
6 62.5 
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Figure A1. Light curves of SGR J1935 extracted from the Swift /XRT (0.3–10 keV), XMM–Newton (0.3–10 keV) and NICER (0.3–10 keV) data in which we 
detected bursts. All bursts are marked by arrows. The light curves were binned at 62.5 ms in all cases, except for the XMM–Newton data sets where we use a 
time bin of 73.36 ms. 
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Figure A1. continued . 
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