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Introduction: magnetars
Neutron stars with extremely strong 
magnetic fields
• Soft-Gamma Repeaters (SGRs)& 

Anomalous X-ray Pulsars (AXPs)
• 𝐿!~10"" − 10"#erg/s >𝐿$%&
• 𝑃 = 2~12 s, �̇� = 10'()~10'(" s 1 s'(

• 𝐵*+$,~10(- − 10(# G
• ～30 known magnetars
• Most are galactic sources, only two in S/LMC each
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Figure 9. Same as Figure 7 but for the characteristic age.

Figure 10. P–Ṗ diagram for all known radio pulsars (gray or blue dots as
indicated), XINSs (yellow squares), and magnetars (red stars).

that XINS could be descendants of magnetars as mentioned
above.

3.3. X-Ray Properties

Figure 11 plots photon index, Γ, and blackbody temperature,
kT , versus spin-inferred magnetic field, B, for those sources that
have a power-law or blackbody component in their quiescent
X-ray spectrum (see Table 3). The left graph shows evidence of
a trend where Γ decreases as B increases, previously identified in
Kaspi & Boydstun (2010) and in a different but analogous form
by Enoto et al. (2010a). Following the example of Kaspi &
Boydstun, we attempt to quantify the trend by calculating
Pearson’s correlation coefficient, finding r = −0.79 (upper
limits were included in the calculation of r by assuming a value
of half of the upper limit). For a sample size of N = 11, this
result gives a (two-tailed) probability for the null hypothesis of

p = 0.0035, slightly higher than the result obtained by Kaspi &
Boydstun but still near the 3σ level. Conversely, examination
of the plot on the right for evidence of a correlation between
kT and B revealed none; in particular, we obtained r = 0.36
for N = 15, giving p = 0.18, which does not exclude the
null hypothesis. Overall, these results support the “twisted
magnetosphere” model of Thompson et al. (2002), further
developed by Beloborodov (2009), which predicts that a higher
B field drives stronger currents in the star’s magnetosphere
which in turn produces brighter and harder non-thermal X-ray
emission.

In Figure 12, we plot LX, the quiescent X-ray luminosity in
the 2–10 keV energy band, against Γ and kT for the same sources
as above. We again calculate the correlation coefficient, r, but in
both cases we derive a null-hypothesis probability of 0.02–0.03,
not low enough to comfortably reject. Certainly a correlation
between LX and kT is not evident; notice how the luminosity
spans five orders of magnitude at kT ≈ 0.3 keV. Likewise, LX
spans more than two orders of magnitude at Γ ≈ 3.8. On the
other hand, there does appear to be an excluded region in the LX
versus Γ graph, where one would find lower-luminosity sources
with hard power laws (though given the large uncertainty in Γ,
SGR 1627−41 cannot be excluded from encroaching into this
region). This cannot simply be due to a selection effect, because
given the same luminosity a harder source will produce less
flux at energies prone to Galactic absorption than a softer one
and should therefore be easier to detect. As indicated above, a
harder spectrum is associated with greater X-ray luminosity in
the twisted magnetosphere model, so such a gap is consistent
with that. However, the model also implies that we should not
expect to see high-luminosity sources with soft power laws. We
do note that a calculation of r excluding the upper-rightmost
point (4U 0142+61) drops the probability of the null hypothesis
below 1% (r = −0.80 for N = 10, p = 0.0054), though there
is no compelling reason to ignore or discard it.

In the leftmost panel of Figure 13, we show the quiescent
2–10 keV luminosity LX as a function of B. This plot is an
update of Figure 4 from An et al. (2012), though, when drawing
the error bars, we do not assume the same uncertainties as
that paper. The solid and open circles denote the magnetars
and the open diamonds represent the five high-B radio pulsars
also considered by An et al. A possible correlation can be
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Introduction: magnetars

Short Burst

Intermediate 
Flare

Giant Flare

~1045 erg s-1

~1041 erg s-1

Giant Flare: the most energetic but 
the rarest event

• Short hard spike + 
long soft periodic tail

• 3 GFs form 3 SGRs 
SGR 0526-66, 1979-3-5
SGR 1900+14, 1998-8-27
SGR 1806-20, 2004-12-27

• Radio NONE-detection  
of SGR 1806-20 GF with 
Parkes side lob 

(Tendulkar et al. 2016)  

Peak Luminosity

uncertainties.) The RHESSI particle detector data imply a spike
fluence in photons .30 keV of (1.36 ^ 0.35) erg cm22, making
this the most intense cosmic or solar transient ever observed (in
terms of photon energy flux at Earth). The time-resolved energy
spectrum, as measured by the Wind particle detectors, is consistent
with a cooling blackbody (Fig. 2) with average temperature
Tspike ¼ (175 ^ 25) keV. The spike energy is thus
E spike ¼ (3.7 ^ 0.9) £ 1046d15

2 erg, assuming isotropic emission.
The peak flux in the first 0.125 s was L spike ¼ 2 £ 1047d15

2 erg s21.
Evidently, this event briefly outshone all the stars in the Galaxy put
together by a factor of ,103.

The spike was followed by a hard-X-ray tail modulated with a
period of 7.56 s, detected by the RHESSI g-ray detectors, whichwere
by this time unsaturated, for 380 s. This period agrees with the
neutron star rotation period as inferred from cyclic modulations of
its quiescent soft-X-ray counterpart2. The fluence in 3–100-keV

photons during the tail phase is 4.6 £ 1023 erg cm22 or
E tail < 1.2 £ 1044d15

2 erg.

Physical interpretation
This event can be understood as a result of a catastrophic instability
in a magnetar. Strong shearing of the neutron star’s magnetic field,
combined with growing thermal pressure, appears to have forced an
opening of the field outward, launching a hot fireball. The release of
energy above a rate of,1042 erg s21 (less than one part in 104 of the
peak flare luminosity) into the magnetosphere leads to the for-
mation of a hot, thermal pair plasma (kT < 0.1–1MeV)19. The fast
initial rise t rise # 1ms is consistent with a magnetospheric instabil-
ity with characteristic time tmag < (R/0.1VA) < 0.3ms, where
R < 10 km and VA < c is the Alfvén velocity in the magnetosphere,
and c is the speed of light3. This process must have occurred
repeatedly, given that the hard initial spike persisted for a duration
,103tmag. Indeed, there is evidence for spike variability in this and
other giant flares8,20,21. The resulting outflow emitted a quasi-black-
body spectrum as it became optically thin, with spectral tempera-
ture comparable to the temperature at its base, because declining
temperature in the outflow is compensated by the relativistic blue-
shift22. For luminosity L spike ¼ 1047L 47 erg s

21, where L 47 ¼ L/
1047 erg s21 and L is the luminosity emerging from a zone with
radius R < 10 km, the expected spectral temperature is T spike ¼ (
L spike/4pacR

2)0.25 ¼ 200L 47
0.25 keV, neglecting complications of

magnetospheric stresses and intermittency. Almost all the pairs
annihilated, and the outflow was only weakly polluted by baryons,
as is clear from the extended, weak radio afterglow that followed the
flare23,53. Note that we do not expect strong beaming of such
powerful emissions from such a slowly rotating star.

Figure 2 Spectrum and time history of the initial spike, from the RHESSI and Wind particle

detectors. The crosses show the spectrum measured by the Wind 3D O detector52 with

coarse time resolution that averages over the peak. The error bars are 1j, plus 10%

systematic errors. The line is the best-fitting blackbody convolved with the detector

response function; its temperature is 175 ^ 25 keV (Supplementary Information). Inset,

the time history of the peak (histogram, left-hand scale) and of the blackbody temperature

(error bars, right-hand scale) with 0.125-s resolution, from the RHESSI particle detector

(ref. 35 and Supplementary Information). The error bars are 1j, plus 25% systematic

errors.

Figure 1 Profiles of the 27 December 2004 giant flare. a, 20–100-keV time history
plotted with 0.5-s resolution, from the RHESSI g-ray detectors. Zero seconds corresponds

to 77,400 s Universal Time (UT). In this plot, the flare began with the spike at 26.64 s and

saturated the detectors within 1ms. The detectors emerged from saturation on the falling

edge 200ms later and remained unsaturated after that. Photons with energies * 20 keV

are unattenuated; thus the amplitude variations in the oscillatory phase are real, and are

not caused by any known instrumental effect (Supplementary Information). Inset, time

history of the precursor with 8-ms resolution. Zero corresponds to 77,280 s UT.

b, Spectral temperature versus time. The temperature of the spike was determined by the
RHESSI and Wind particle detectors; the temperatures of the oscillatory phase were

measured by the RHESSI g-ray detectors. Although RHESSI measured time- and energy-

tagged photons .3 keV continuously, unattenuated spectra were measured for short

‘snapshot’ intervals only twice in each 4.06-s spacecraft spin period during the oscillatory

phase (Supplementary Information). Preliminary spectral analysis (3–100 keV), using the

RHESSI on-axis response matrices, are generally consistent with a single-temperature

blackbody or optically thin thermal bremsstrahlung model; the blackbody temperatures

have been plotted. The formal uncertainties in the oscillatory phase are smaller than the

data points and are not shown.
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Introduction: magnetars

Short Burst

Intermediate 
Flare

Giant Flare

~1045 erg s-1

~1041 erg s-1

Giant Flare: GRB 200415A @ The Sculptor Galaxy 
(3.5 Mpc)

Peak Luminosity
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from T0 to T0 + 0.192 s, is best described by a sum of non-thermal (cut-
off power-law) and thermal (blackbody) components (see Extended 
Data Table 1 for the model parameters). The total burst fluence is 
8.5 × 10 erg cm−1.0

+1.2 −6 −2 in the 20 keV–10 MeV band.
A preliminary analysis of the Konus–Wind detection16 of GRB 200415A 

revealed its remarkable similarity to GRB 051103, historically the 
first extragalactic giant-flare candidate outside the Local Group, 
associated with the M81/M82 group of galaxies8–10 at a distance of  
DM81/M82 ≈ 3.6 Mpc (ref. 17). To explore this similarity further, we per-
formed a detailed comparison between the temporal and spectral 
properties of GRB 200415A and GRB 051103. The bursts have simi-
lar lightcurve and spectral evolution patterns (Fig. 2; Extended Data 
Tables 1, 5, 6). Although the peak count rates, reached in the first 2 ms 
of the initial spikes, are very similar (about (1.5–1.7) × 105 s−1), the photon 
flux over the entire extent of the decaying phase is about twice as high 
in GRB 051103 as in GRB 200415A. The initial pulses of both bursts are 
best described by the cutoff power-law model, with Ep ≈ 1.2 MeV, but 
GRB 051103 has a much harder α ≈ −0.1. In contrast to GRB 200415A, the 
hardest emission in GRB 051103 (Ep ≈ 3 MeV, α ≈ 0.2) was observed during 
the roughly 30 ms immediately after the initial spike. In accordance with 
the similarities of the bursts in peak count rate and Ep, measured in the 
initial spikes, their 4-ms peak flux estimates also agree within uncer-
tainties. The blackbody components in the time-integrated spectra of 
GRB 200415A and GRB 051103 have similar temperatures (kT ≈ 100 keV), 
with blackbody contributions to the total fluence of about 14% and 9%, 
respectively. The contribution of the initial short spike to the total flu-
ence is about 45% for GRB 200415A and 13% for GRB 051103.

Thus, the extremely bright, short GRB 200415A, which strong evi-
dence suggests is associated with the NGC 253 galaxy, is remarkably 
similar to GRB 051103, which presumably originated from the M81/
M82 group of galaxies at nearly the same distance, in terms of light 
curve morphology, spectral behaviour and observed peak energy flux. 
A lightcurve with a bright, millisecond-scale initial pulse followed by 
an exponentially decaying emission is unusual for short cosmologi-
cal γ-ray bursts (GRBs); none of more than about 500 short bursts 
detected by Konus–Wind in more than 25 years of observations dis-
plays such a shape15,18. On the other hand, this pattern was observed in 
two Galactic giant flares, from SGR 1900+1419,20 and SGR 1806−2020,21. 

Furthermore, higher-time-resolution lightcurves of GRB 200415A 
from Swift–Burst Alert Telescope (BAT) and Fermi–Gamma-ray Burst 
Monitor (GBM)22 have an initial short (less than 1 ms) subpeak, fol-
lowed by a sharp decrease for approximately 1 ms, before the main 
part of the peak. This pattern is also seen in SGR 1806−2012 and may 
be a general property of giant flares that can be used to identify them 
within the short-GRB sample. Thus, the interpretation of GRB 200415A 
and GRB 051103 as magnetar giant flares is strongly suggested, with 
additional support provided by the non-detection of an accompanying 
gravitational-wave signal for GRB 05110323 (there is no sensitive cover-
age by a gravitational-wave detector for GRB 200415A).

At source distances of DNGC253 = 3.5 Mpc and DM81 = 3.6 Mpc, the char-
acteristic radius of the emission region, estimated from the black-
body spectral fits, is R ≈ 20−40 km, the same order of magnitude as the 
radius of a neutron star or its magnetosphere. The implied isotropic- 
equivalent energy release in γ-rays for GRB 200415A (GRB 051103) is 
Eiso ≈ 1.3 × 1046 erg (Eiso ≈ 5.3 × 1046 erg) and the isotropic-equivalent peak 
luminosity is Liso ≈ 1.4 × 1048 erg s−1 (Liso ≈ 1.8 × 1048 erg s−1). Therefore, 
the total energies released in both flares are comparable with that esti-
mated for the most energetic flare from a Galactic magnetar5,12,13. Taken 
together, these results make GRB 200415A and GRB 051103 the most 
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Fig. 1 | The final IPN localization of GRB 200415A. The localization is 
superimposed on an image of the NGC 253 galaxy from the GALEX survey 
(1,750–2,800 Å; Methods). It is defined by the 4.73-arcmin-wide Wind (Konus)–
Odyssey (HEND) and 3.58-arcmin-wide Wind (Konus)–Fermi (GBM) annuli. The 
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ellipse for the position. The coordinates are J2000.
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Fig. 2 | Time histories of GRB 051103 (open symbols) and GRB 200415A 
(filled symbols) and evolution of their spectral parameters. All times are 
given relative to the Konus–Wind trigger time T0. a, Burst time histories  
as recorded by Konus–Wind. Both events start with a sharp rise of an 
exceptionally bright, narrow (4 ms) initial spike (grey shaded area), followed  
by an exponential decay with τcr ≈ 50 ms (dotted lines). b, d, The temporal 
evolution of the emission spectra is illustrated by the behaviour of the 
best-fitting parameters of the cutoff power-law model: the peak energy Ep (b) 
and the photon power-law index α (d). Both bursts are characterized by 
Ep ≈ 1.2 MeV in the initial pulse, which is the hardest part of GRB 200415A, 
whereas the hardest emission in GRB 051103 (with Ep ≈ 3 MeV) was detected 
during the subsequent approximately 30 ms. A non-thermal cutoff power-law 
model adequately describes burst spectra up to about T0 + 100 ms; afterwards, 
the hard power-law photon index α becomes poorly constrained and, 
simultaneously, the emission spectrum can be described by a blackbody 
function with kT ≈ 70–100 keV. c, Evolution of the 20 keV–10 MeV energy flux, 
which, in both cases, peaks in the initial spike (grey shaded area) and, starting 
from about T0 + 50 ms, decays with τflux ≈ 30 ms (dotted lines). Vertical error 
bars indicate 68% confidence intervals; horizontal error bars indicate the 
duration of the interval.
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oscillations, which are possible signatures of the seismic vibrations 
seen in the oscillating tails of confirmed giant flares. A candidate broad 
quasi-periodic oscillation was found at a frequency of ν ≈ 180 Hz in the 
decaying tail of GRB 200415A, with roughly 2.5σ significance (Methods).

We performed time-integrated and time-resolved spectral analyses 
of the GBM data, focusing on the sub-millisecond structures in the 
lightcurve (Figs. 1, 2). The very high rate might cause the electronic 
signals of photons to overlap (pulse pile-up), which would cause their 
energies to be incorrectly measured and spectral distortions. We 
evaluated this effect in the brightest interval (interval (2) in Fig. 1) and 
determined that it was negligible (Methods). Among several spectral 
models used, we found that a power law with an exponential-cutoff 
(Comptonized) model fitted the data best; the Comptonized spectral 
parameters are presented in Table 1 (Methods). The highest-energy 
photons reliably associated with GRB 200415A have energies of 
approximately 3 MeV (Methods). Using time-resolved GBM spectral 
analysis with corrections from the BAT, we find a time-integrated 
isotropic equivalent energy output of Eiso = (1.51 ± 0.021) × 1046   
erg (Table 1). The peak isotropic luminosity is Liso,max = (1.53 ± 0.13) ×  
1048 erg s−1 and the total luminosity of the event is Liso = (1.07 ± 0.17)  
× 1047 erg s−1. Our time-resolved spectral analysis shows remark-
able sub-millisecond variations (Fig. 2d, e) over a 10-ms interval, 

encompassing intervals (1), (2) and (3), and part of interval (4). In 
Fig. 2d, the peak energy (Ep) reaches its highest value at the onset 
of interval (3), but it remains relatively constant throughout most 
of the event.

The photon index (α) stays relatively constant at α ≈ 0 during the 
event, which would be highly unusual for a short GRB. Figure 2a, b shows 
exponential-decay trends in both energy flux (%) and Ep over interval 
(4), which is clearly discerned from the tail of GRB 200415A. The 
energy-flux decay in Fig. 2 occurs on a timescale of τ = 45 ± 3 ms; Ep is 
observed to decay on a longer timescale of τ = 100 ± 1 ms. This expo-
nential behaviour has been observed in other extragalactic giant-flare 
candidates13. A distinctive E% ∝ p

2 correlation was discovered (Fig. 2f), 
a signature of a relativistic wind. This unprecedented result is clearly 
observed in the GBM data for GRB 200415A, which are largely devoid 
of detector saturation effects. Such saturation effects probably pre-
cluded this trend from being cleanly discerned from previous observa-
tions of galactic giant flares from the soft γ-ray repeaters SGR 1900+14 
and SGR 1806−20.

Finally, we searched for radio emission associated with GRB 200415A 
in four observations of NGC 253 taken with the Karl G. Jansky Very Large 
Array (VLA)19 4.3–51.2 days after the event trigger. No significant vari-
able or transient emission was identified.
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Fig. 1 | Temporal and spectral variability of GRB 200415A. a–c, Lightcurves 
with 0.2-ms resolution for a Fermi–GBM BGO detector (a), a Fermi–GBM NaI 
detector (b) and Swift–BAT (c). The BAT lightcurve was shifted by 5.7 µs to 
account for the light travel time between the spacecraft. The red dashed lines 
and colour of the data indicate the four time intervals, as labelled. d, Spectra for 
the four intervals, where E is the energy and Fν is the flux density. The shaded 
areas indicate the 1σ confidence regions. Using the BAT time-tagged event 

data, we identify that the GBM time-tagged event bandwidth (Methods) was 
exceeded from −2.4 ms to −0.8 ms (horizontal black lines in a and b), resulting 
in a 47.3% loss of flux in interval (2). There is also a roughly 1.8-ms data gap from 
4.6 ms to 6.4 ms caused by a CSPEC (coarse time resolution, full spectral 
resolution of 128 energy channels) packet blocking the GBM time-tagged event 
data, resulting in a 3.47% loss in interval (4). e, First pulse (red), with high 
temporal resolution (12 µs), and the fitted pulse profile (black).
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during the first and third snapshots13 (where the observed count
rate reached!350 counts s"1) and with a 6 ; 20 pixel exclusion
region during the second snapshot (where the observed count
rate reached!1300 counts s"1). The size of the exclusion region
was determined following the procedure illustrated in Romano
et al. (2006b) and corresponded to 30%Y39% (4Y6 pixel hole) of
the XRT PSF. Ancillary response files were generated with the
task xrtmkarfwithin FTOOLS and account for different extrac-
tion regions and PSF corrections. We used the latest spectral
redistribution matrices in the calibration database maintained by
HEASARC.

The PC data show an average count rate of #0.08 counts s"1

throughout the entire monitoring campaign; therefore, no pileup
correction was necessary.We extracted the source events in a cir-
cle with a radius of 20 pixels (#4700). To account for the back-
ground, we extracted WT events within a rectangular box (40 ;
20 pixels) and PC events within an annular region (radii 85 and
110 pixels) centered on the source and far frombackground sources.

The energy-resolved light curves during the burst active phase
are shown in Figure 2 for both the XRT (panels X1 and X2) and
the BAT (panels B1YB4). The XRT light curves were background-
subtracted and corrected for vignetting and PSF losses, as well as
for pileup.

2.1. Time-resolved BAT Spectroscopy

This section refers to the analysis of the BAT data set recorded
after the fourth trigger (sequence 00203127000; see Table 1).
In consideration of the extremely pronounced variability of the
source during the burst active phase, we adopted the following
strategy for the time-resolved spectroscopic analysis: we selected
a 4000 count threshold for the accumulation of each spectrum.
This resulted in a set of 729BATmask-weighted (i.e., background-
subtracted) spectra extracted from the event data of sequence

13 A snapshot is a continuous pointing at the target.

Fig. 1.—The 15Y100 keV BAT light curves with a time resolution of 1 ms obtained during the burst forest of 2006 March 29.

Fig. 2.—BATand XRTWT light curves obtained simultaneously during the
burst forest of 2006 March 29. Different energy ranges are shown: 1Y4 and
4Y10 keV for the XRT (panels X1 and X2, respectively), and 15Y25, 25Y40,
40Y100, and >100 keV for the BAT (panels B1, B2, B3, and B4, respectively).
The XRT light curves were background-subtracted and corrected for vignetting,
PSF losses, and pileup effects. It is evident from the comparison of XRTand BAT
light curves that, on average, the IFs are harder than the short bursts, although
notable exceptions are present.

SWIFT GAZE INTO THE 2006 FOREST OF SGR 1900+14 1117No. 2, 2008
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Introduction: magnetars

Short Burst
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Intermediate Flares
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SGR 1935+2154 on 
2015 April 12 observed 
with Konus-Wind.

Peak Luminosity
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2010 A. V. Kozlova et al.

Figure 2. Light curves of the burst recorded by Konus-Wind in the G1 (20–
80 keV, panel a) and G2 (80–300 keV; panel b, black line) energy ranges
with 16 ms resolution; the INTEGRAL SPI-ACS light curve (!80 keV, 50 ms
resolution) is shown with a red line in panel (b). The vertical dotted lines
denote the intervals over which the KW spectra were accumulated; the right
boundary of spectrum 7 (T0 + 9.472 s) is not shown. The KW count rates are
DT corrected and the horizontal dashed lines indicate the background levels.
The INTEGRAL time-scale is corrected for the burst propagation between
the spacecraft. TR CPL and 2BB fit parameters are given in panels (c) to (f);
low- and high-kT components of 2BB are shown by open and filled symbols,
respectively; the horizontal dotted lines indicate the value of the parameters
measured for the TI spectrum. [A color version of this figure is available in
the online journal.]

of the resulting distortion does not exceed statistical errors in
the corresponding spectral channels. Accordingly, spectral fits we
made to the simulated data did not reveal a statistically significant
difference between the model and the best-fitting spectral parame-

ters. Thus our analysis of the SGR 1935+2154 burst spectra relies
on standard fitting procedures with no special precautions due to
high count rates being taken.

The spectral analysis was performed in XSPEC, version 12.8
(Arnaud 1996), by applying two spectral models, which have been
shown to be the best fits to the broad-band spectra of SGR bursts
(e.g. Feroci et al. 2004; Olive et al. 2004; Lin et al. 2012; van der
Horst et al. 2012). The first one is a sum of two BB functions with the
normalization proportional to the surface area. The second model is
a power law with an exponential cutoff (CPL), parametrized as Ep:
f(E) ∝ Eαexp (−(2 + α)E/Ep), where α is the power-law photon
index and Ep is the peak energy in the νFν spectrum. We also tried
to fit the spectra to a single BB function and to an optically thin
thermal bremsstrahlung (OTTB; f(E) ∝ E−1exp (−E/kTOTTB)) and
found that both models may be rejected on statistical grounds.

A summary of the KW spectral fits with 2BB and CPL mod-
els is presented in Table 1. Two methods were used to obtain the
best-fitting parameters for any given spectral model. In the first
method, the raw count rate spectra were rebinned in order to have
at least 10 count per energy bin, and fitted using χ2 minimization.
The alternative method uses the Castor C-statistic (C-stat) mini-
mization and the spectra rebinned to have a minimum of one count
per bin. For spectra 1–4, with the short accumulation times and
poor count statistics in higher energy channels, the fits using C-stat
gave smaller uncertainties in the parameters than those using the
χ2 statistic, but they are consistent with each other within the un-
certainties. In these cases we report the results obtained with the
C-statistic and provide a quality of the corresponding χ2 fit for ref-
erence. Otherwise, the results obtained with χ2 are provided. We
note that spectrum 7 was measured from T0+1.280 s to T0+9.472 s
and no burst emission was detected after T0 + 1.680 s. For this spec-
trum, BB radii and the corresponding luminosities obtained from
the XSPEC fits were re-calculated using the accumulation interval
1.280–1.680 s; accordingly, for the time-integrated (TI) spectrum
the BB normalizations are given for the interval 0.0–1.680 s.

Both CPL and 2BB models fit the TI spectrum (Fig. 3) and all
seven time-resolved (TR) spectra well, with χ2/dof=1.23 (30 dof) in
the worst case and a null hypothesis probability of >0.18 for all fits.
When comparing the fit statistic for individual spectra, the difference
between CPL and 2BB fits, $χ2

CPL−2BB, lies between −5.4 and
+2.7 with nearly equal numbers of positive and negative values of
$χ2

CPL−2BB obtained (the behaviour of C-stat is very similar and,
hereafter, we focus on the χ2 statistic only.).

Table 1. Spectral fits with 2BB and CPL models.

2BB Model CPL Model
Spectrum Interval kT1 Norm1 La

1 kT2 Norm2 La
2 χ2/dofb α Epeak χ2/dofb

(s from T0) (keV) R2
km/d2

10 (1039 erg) (keV) R2
km/d2

10 (1039 erg) (keV)

1 0.0–0.064 7.8+0.7
−0.9 292+107

−64 137+22
−33 14.9+4.1

−2.6 6.7+16.6
−5.2 49.0+34

−23 11.9/25 [4.8/15] 0.12+0.36
−0.35 34.4+1.8

−2.1 14.5/26 [6.9/16]

2 0.064–0.128 6.0+1.0
−1.1 678+660

−239 116+29
−27 12.6+1.8

−1.2 33.7+31.3
−19.6 108+33

−37 10.5/21 [8.3/15] −0.30+0.35
−0.34 31.7+2.1

−2.5 10.3/22 [8.1/16]

3 0.128–0.192 4.5+1.0
−1.0 1830+3650

−970 96+20
−19 11.0+0.9

−0.7 81.3+34.0
−26.7 155+20

−25 26.7/24 [15.0/15] −0.20+0.33
−0.32 31.7+2.4

−2.0 28.3/25 [16.4/16]

4 0.192–0.256 8.5+1.0
−2.0 246+122

−49 151+50
−86 13.8+4.9

−2.5 16.5+60.9
−14.8 76+89

−52 13.7/21 [8.4/15] 0.67+0.36
−0.34 37.7+1.4

−1.5 14.2/22 [8.8/16]

5 0.256–0.768 5.4+0.7
−0.7 776+454

−236 87+16
−11 11.7+0.4

−0.3 88.4+16.5
−17.8 213+15

−20 26.2/28 0.36+0.12
−0.12 37.6+0.5

−0.5 25.0/29

6 0.768–1.280 7.3+0.5
−0.5 421+84

−58 152+21
−21 14.0+0.8

−0.7 27.5+11.6
−9.3 136+23

−23 37.0/30 0.04+0.11
−0.11 37.6+0.6

−0.6 31.6/31

7 1.280–9.472c 7.7+0.6
−1.0 165+23

−60 73+10
−25 14.5+5.2

−3.4 3.7+7.8
−2.0 20+26

−11 23.1/30 0.70+0.46
−0.43 32.9+1.1

−1.2 25.8/31

1–7d 0.0–9.472c 6.4+0.4
−0.4 455+73

−55 95+12
−11 12.4+0.4

−0.4 43.5+8.8
−8.1 136+12

−14 37.0/30 0.20+0.08
−0.08 35.7+0.3

−0.3 32.4/31

Notes. aThe luminosity of BB components calculated at d=10 kpc.
bC-stat/dof for spectra 1 to 4; the quality of the corresponding χ2 fit is given in square parentheses for reference.
cThe 2BB model radii and luminosities for spectra 7 and 1–7 are calculated using intervals 1.280–1.680 s and 0.0–1.680 s, respectively (see text).
dThe TI spectrum.

MNRAS 460, 2008–2014 (2016)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/460/2/2008/2609095 by N
ational Science and Technology Library -R

oot user on 06 N
ovem

ber 2020



Introduction: magnetars

Short Burst

Intermediate 
Flare

Giant Flare

~1045 erg s-1

~1041 erg s-1

Short Burst
• The most common events but unpredictable
• From both SGRs and AXPs

Peak Luminosity

Lin et al. 2011

The Astrophysical Journal, 739:87 (16pp), 2011 October 1 Lin et al.

Figure 1. Light curves of four bursts from SGR J0501+4516 integrated with 4 ms bin size over 8–200 keV.

Table 2
Parameters of Duration Distributions and Weighted Mean Durations for 29 Burst from SGR J0501+4516

Parameters T90 T50 T
ph

90 T
ph

50 τ90 τ50 δ90 δ50

Meana 122.6+7.9
−7.5 31.6+2.5

−2.3 124.2+17.3
−15.2 27.6+1.8

−1.7 70.3+7.2
−6.5 20.9+2.5

−2.3 0.68 ± 0.03 0.68 ± 0.02

σ b 0.35 ± 0.03 0.30 ± 0.03 0.38 ± 0.06 0.21 ± 0.03 0.39 ± 0.04 0.30 ± 0.05 0.14 ± 0.03 0.19 ± 0.02
Weighted meanc 138.3+1.07

−20.5 32.4+0.9
−0.8 161.2 ± 1.6 49.2 ± 0.8

Notes.
a Milliseconds in Columns 2–7, dimensionless in Columns 8 and 9.
b In the log frame except for δ90 and δ50.
c In milliseconds.

3.2. T
ph

90 and T
ph

50 in Photon Space

The photon-based durations, T
ph

90 , are estimated with an al-
gorithm similar to the one used above over each burst cumu-
lative fluence in erg cm−2. We used the same time resolution
(2 ms) and energy range (8–100 keV) as in the count durations.
The essential difference here is that these measurements utilize
the intrinsic (deconvolved) burst spectra instead of the detector
recorded counts to define the burst intrinsic durations indepen-
dent of different instruments. To perform these estimates, we
used the GBM public software tool RMFIT version 3.319 (for a
description of this tool see also Kaneko et al. 2006) and the new
data type CTTE specially created to facilitate analyses of short
events. This data type simply bins the 128 TTE energy channels
into the same eight bins as the CTIME data. The errors in the
duration estimates are taken from Koshut (1996) and Koshut
et al. (1996).

A detailed description of the photon-based durations can be
found in the First Two Years GRB Catalog of Fermi/GBM

19 http://fermi.gsfc.nasa.gov/ssc/data/analysis/user/

(W. Paciesas et al. 2011, in preparation). In short, an adequate
background interval is selected before and after each burst and
fit with the lowest acceptable order of a polynomial to determine
the background model parameters. Next, the entire burst interval
is fit to determine the default set of photon model parameters.
The model used in these fits is a power law with an exponential
cutoff (COMPT; described in detail in Section 4). When all
background and source model selections are determined for each
2 ms time bin, we subtract the background, fit its spectrum using
the COMPT model, and calculate its photon flux. These values
are then used as inputs for the T

ph
90 (T ph

50 ) estimates, performed
with the same algorithm described above.

Figure 3 shows the distributions of T
ph

90 (T ph
50 ) fit with a

log-normal function (panels (a) and (b)), obtaining 〈T ph
90 〉 =

124.2+17.3
−15.2 ms (σ = 0.38 ± 0.06, where σ is the width of

the distribution in the log frame) and 〈T ph
50 〉 = 27.6+1.8

−1.7 ms
(σ = 0.21 ± 0.03). The average values of the raw data
weighted by their errors are 〈T phw

90 〉 = 161.2+1.6
−1.6 ms and

〈T phw
50 〉 = 49.2+0.8

−0.8 ms. The individual T
ph

90 values can be found
in Table 1 (Column 6).

4
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Introduction: magnetars
The burst spectrum : almost all are thermal 
BB+BB:
Low kT ~ 4.4 keV
High kT ~ 16 keV
Cut-off PL:
Epeak ~ 45 keV

GBMXRT
Compt

BB+BB

Absorption ~ 

3.24×1022 cm-2

We need the broad energy 
coverage (e.g. 1-200 keV) to 
study the burst spectra.

Israel et al. 2008, Lin et al. 2012 YITP FRB workshop 2021



Systematic study of magnetar outbursts 19

Figure 1. Temporal evolution of the bolometric (0.01–100 keV) luminosities for all outbursts re-analysed in this work. The distances assumed are those quoted
in Table 5.

B
ol

om
et

ric
 lu

m
in

os
ity

(1
033

 er
g 

s-1
)

Time (days since outburst onset)

—   SGR 1627-41 (1998) 
—   1E 2259+586 (2002) 
—   SGR 1806-20 
—   CXOU 1647-4552 (2006) 
—   SGR 1627-41 (2008) 
—   SGR 0501+4516                            
- - - 1E 1547-5408 (2008)                
—   1E 1547-5408 (2009)                  
—   SGR 0418+5729                         
—   SGR 1833-0832                         
—   Swift 1822.3-1606                       
- - - Swift J1834.9-0846                     
- - - CXOU 1647-4552 (2011)            
- - - 1E 1048.1-5937 (2011)              
- . -  1E 2259+586 (2012)                    
- - - SGR 1745-2900                           
- - - 1E 1048.1-5937 (2016)

Figure 2. Models describing the temporal evolution of the bolometric (0.01–100 keV) luminosities for all outbursts re-analysed in this work.

MNRAS 000, 1–61 (2018)

Introduction: magnetars
During a magnetar outburst the 
persistent emission may 
change in 
• Luminosity, 1-2 order of mag.

• X-ray spectrum, harder

• pulse profile

• Glitch/anti-glitch

Coti Zelati et al. 2018YITP FRB workshop 2021



Introduction: magnetars

YITP FRB workshop 2021

AXPs with 
bursts/flares

persistent flux stable 1E 1841-045

persistent flux enhanced 1E 2259+586, 4U 0142+61, 
XTE J1810-197

SGRs:
Transients

with a Giant Flare SGRs 1806-20, 1900+14, 
0526+66

prolific transients
SGRs 1550-5418, 
1935+2154, 0501+4516, 
1627-41

with low burst rates SGRs 0418+5729, 1833-
0832 

The outburst of magnetars

(Gogus et al. 2014)



SGR J1935+2154

Lin et al. 2020 ApJ, ApJL YITP FRB workshop 2021

the same search for all 12 Na I(Tl) detectors, flagging
simultaneous events detected in two or more detectors.
Detectors with an angle to the source of less than 60°,6
without any blockage by the satellite were then chosen and
their location was calculated on the sky. We found 112
SGR J1935+2154 bursts in the GBM data, including 62
triggered events. Overall, there are 127 unique bursts from
SGR J1935+2154 observed with BAT and GBM, with six
events simultaneously recorded by both instruments. The ID,
instrument information, and burst start time for all 127 bursts
are listed in Table 4. We performed a spectral fit to each of
these bursts with the standard GBM analysis software RMFIT
using Castor C-statistics (c-stat). The detector response
matrices were generated with GBMDRM v2.0.

3. Results

3.1. Burst Activity History

We define an active bursting episode as the time period
during which more than two bursts are emitted, with no bursts
observed 10 days either side of this range. Using this definition,
we find four bursting episodes for SGR J1935+2154. We
exhibit the source burst history in Figure 1 and summarize the
four episode properties in Table 2. SGR J1935+2154 became
increasingly active in 2015 and 2016. It ceased activity after
2016 August. We notice that at least 10 bursts were detected
within one day for all active burst episodes, except for 2014.

Considering the persistent flux increase following each episode
(Younes et al. 2017), SGR J1935+2154 should be classified as
a prolific transient in the scheme of Göğüş (2014).
Aside from these bursting episodes, we found four isolated

events with burst IDs of 28, 125, 126, and 127).7 We also
searched seven days on either side of the intermediate flare that
occurred on the 2015 April 12th, but found no other bursts.

3.2. Burst Localization

As an imaging instrument, the BAT has the capability to
locate each triggered burst to within an uncertainty of several
arcminutes. We search for bursts in the mask-weighted
lightcurves that trace back to the position of SGR J1935
+2154, considering all additional short events to also originate
from the source (not statistical fluctuations). The false positive
rate of a change point (a block containing two change points),
was set to 5% during the search process, using the data and
prior number of change points. The algorithm is defined by
simulations of the pure noise (Scargle et al. 2013). We iterate
the search process until no further modification to the change
points is necessary and the parameters are consistent. See
Scargle et al. (2013) for more details.
Fermi/GBM provides rough burst locations by combining

the count rates in the Na I(Tl) detectors that meet the
aforementioned source-angle criterion of �60°. The uncer-
tainty of these locations is typically several degrees, depending
on the burst peak intensity. Both triggered and untriggered

Figure 1. Burst time history of SGR J1935+2154 in 1 day time bins. Left: the burst history from 2014 July to 2016 August. Right: the expanded burst history starting
from 2016 May.

Table 2
SGR J1935+2154 Activation Intervals

Episode Start Date End Date in BAT/GBM/Both Total Number Burst Fluencea Burst Energya,b

(10−7 erg cm−2) (1038 erg)

1 2014 Jul 5 2014 Jul 5 1/0/2 3 1.1 2.6
2 2015 Feb 22 2015 Mar 5 2/22/0 24 41.4 99.4
3 2016 May 14 2016 Jun 6 6/33/3 42 119.5 286.8
4 2016 Jun 18 2016 Jul 21 5/48/1 54 456.1 1094.6

Notes.
a Values are the sum of both the burst fluence and the burst energy for all bursts in each episode.
b Assuming a distance of 9 kpc to SGR J1935+2154.

6 Results do not change significantly when choosing a smaller angle,
e.g., 40°.

7 A fourth BAT burst reported later (Cummings 2014) is not included in the
sample, as the count rate data were not sufficient for further detailed analysis.

3
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value of 4.5±0.1keV. The distribution of the high BB
temperature is asymmetric due to its overlap with the low BB
component and is best fit with a truncated Gaussian function
with a lower cutoff at the highest low BB temperature
(8.2 keV), resulting in a mean value of 10.7±1.3keV. We
also note here that when similar analyses were performed

individually for the two burst episodes, their temperatures
agreed within statistical errors, as shown in Table 3.
Next, we investigated how the best-fit model parameters and

the calculated fluences correlated with each other. We present
these correlations in Table 5 with the results of their power-law
fits obtained from linear fits in logarithmic scale, as well as the

Table 2
SGR J1935+2154Activation Intervals

Episode Start Date End Date Triggered (Untriggered) Events Total Number Burst Fluencea Burst Energya,b

( � �10 erg cm7 2) (10 erg40 )

1 2019 Nov 4 2019 Nov 15 13(8) 21 127.4±0.7 12.3±0.1
2 2020 Apr 27 2020 May 20d 28(97) 125c 813.3±1.7 78.6±0.2
all 2019 Oct 4 2020 May 20d 43(105) 148c 968.8±1.9 93.6±0.2

Notes.
a Values are the sum of fluence and energy in 8−200keV, respectively, for all bursts in each episode.
b Assuming a distance of 9 kpc to SGR J1935+2154
c Does not include the bursts from the burst forest.
d The burst search was performed until 2020 May 31. GBM did not trigger on any burst from SGR J1935+2154after that time. Additional single, untriggered bursts
after the end of the 2020 active episodes will not affect our results significantly.

Figure 1. Left: the burst history of SGR J1935+2154in 1 day time bins from 2019 October 4 to 2020 May 20. The bursts in episodes 1 and 2 are highlighted in black
and red, respectively. Two bursts in purple are isolated events, occurring prior to each episode. Right: the number of bursts per hour for the first (dashed black line) and
second (solid red line) active episodes, respectively. The red dotted lines mark the start and stop times of the burst forest not included in this work. The red star shows
the relative time of FRB200428 during the second active episode. We assign black and red in all forthcoming figures to the first and second active episodes,
respectively.

Figure 2. Left: the distribution of Ubb for the whole sample (blue dotted histogram), and for active episodes 1 and 2 (dashed black and solid red histograms,
respectively). The best-fit log-Gaussian functions and corresponding mean values are overplotted with the same color and style curves and vertical lines, respectively.
Right: the scatter plot of Ubb vs. their start time with respect to the first burst of active episodes 1 (black triangles) and 2 (red dots). The dotted lines mark the start and
stop times of the burst forest. The duration and occurrence time of the X-ray burst associated with FRB200428 is also marked with a red star.

6
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One of the most active magnetars:
2014-07, 2015-02, 2016-05, 
2016-06, 2019-11, 2020-04, 

2021-01• 𝑃 = 3.25 s, �̇� = 1.4×10!"" s . s!"

• 𝐵#$%& = 2.2×10"' G
• Close to the center of SNR G57.2+0.8 Fermi/GBM



SGR J1935+2154
• A burst forest happened at the beginning of the 2020-04-27 activity, 

and lasted for ~130 s.

• These data are not 
included in the current 
analysis.

YITP FRB workshop 2021 Kaneko et al. 2021 in prep
Time (s)
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Fermi/GBM



• Bursts are slightly 
softer than typical 
magnetar bursts.

• Bursts are slightly 
softer in later episodes. 

SGR J1935+2154

YITP FRB workshop 2021
Lin et al. 2020 ApJL

also by the average U _ 200bb ms identified in Figure 2. From
this, one can compute the photon number density

( )_H �n d R c2 2 typically expected in the magnetospheric
emission region. Assuming a source distance of d=9 kpc and

an emission region size of R=106 cm, one arrives at
_ qHn 3 1024 cm−3. This is considerably smaller than the

density ( [ ])M _kT m c0.24 10ehigh C
2 3 26 cm−3 of a pure Planck

distribution of temperature Thigh, for a reduced electron

Figure 4. The top panels present distributions of Epeak (left) and Γ (right) of the COMPT model fits for all bursts (solid blue lines) and bursts in episodes 1 and 2
(dotted black and dashed red lines, respectively). The curves are Gaussian fits to the histograms; their mean values are represented by vertical lines. The lower panels
show the Epeak (left) and Γ (right) as a function of fluence for all bursts. The bursts in episode 2 are highlighted with red circles. The filled blue diamonds represent the
weighted means of consecutive groups of 10 data points each. The solid line is the best PL fit to the correlation between Epeak and fluence. The position of
FRB200428 is shown as a vertical dashed–dotted line in the top panels and as a red star in the bottom panels.

Figure 5. Left:time evolution of the total burst fluence (navy dots) and the average fluence per bursts (magenta diamonds from SGR J1935+2154from discovery to
present (left y-axis). The orange triangle is the total burst fluence including the burst forest on April 28. The corresponding burst energy, assuming a distance of 9kpc,
is shown in the right y-axis. Right:the cumulative energy fluence distributions of SGR J1935+2154bursts in 2019–2020 (solid blue line) and 2014–2016 (dotted
purple line). The two dashed lines are the best PL fit to the distribution above q � �1 10 erg cm7 2. The red vertical dashed–dotted line marks the fluence of the X-ray
burst associated with FRB 200428.
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The hard X-ray burst – FRB200428
11 Bursts detected with HXMT on 
April 28 

Extended Data Table 1: Bursts detected by Insight-HXMT from 2020-04-28T07:14:51 to 2020-

04-29T00:00:00. In the table, trigger time is the satellite time, the energy band for fluence calcu-

lation is 1–250 keV, duration is that covers 90% of the burst counts, and ∆t is the time difference

between burst and FRB 200428.

Trigger time (UTC) Fluence Duration ∆t

10−8erg cm−2 s s

2020-04-28T08:03:34.35 5.65± 1.14 0.11 -23458.65

2020-04-28T08:05:50.15 5.04± 1.39 0.07 -23322.85

2020-04-28T09:08:44.30 1.37± 1.86 0.06 -19548.70

2020-04-28T09:51:04.90 25.58 ± 2.51 0.42 -17008.10

2020-04-28T11:12:58.55 1.30± 1.41 0.06 -12094.45

2020-04-28T12:54:02.20 0.87± 1.09 0.40 -6030.80

2020-04-28T14:20:52.50 2.93± 1.17 0.60 -820.50

2020-04-28T14:20:57.90 2.06± 2.45 0.06 -815.10

2020-04-28T14:34:24.00 63.68 ± 6.62 0.53 -9.00

2020-04-28T17:15:26.25 0.25± 0.42 0.08 9653.25

2020-04-28T19:01:59.85 3.01± 1.22 0.16 16046.85

Extended Data Table 2: Events lost due to saturation and deadtime in T0 + 0.37 and T0 + 0.62 s

Telescope Group ID N1a LR1b N2c LR2d

0 5627 66.0% 981 11.5%

HE 1 6210 70.8% 1106 12.6%

2 4793 61.7% 909 11.7%

0 0 0 379 32.8%

ME 1 0 0 554 47.6%

2 0 0 688 53.0%

0 276 29.6% 0.26 0.03%

LE 1 377 35.2% 0.27 0.03%

2 418 37.6% 0.27 0.03%
a N1 is the number of events lost due to saturation.
b LR1 is the lost ratio of events due to saturation.

c N2 is the number of events lost due to deadtime. For LE, the deadtime is induced by the forced trigger events.
d LR2 is the lost ratio of events due to deadtime.
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The hard X-ray burst – FRB200428

The radio LC (CHIME)v.s. the X-ray 
LC (HXMT)
• Two short spikes, separated by 

~30ms
• The time difference between radio 

and X-ray is ~8.62s，agree with 
the DM prediction.

These two spikes are the key evidence of 
the association between FRB and the hard 

X-ray burst.
YITP FRB workshop 2021 Li et al. arXiv:2005.11071



The hard X-ray burst – FRB200428

The burst location using HXMT data is 3.7 arcmin away from SGR 
J1935+2154, with 1𝜎 uncertainty of 10 arcmin. 

This agrees with the Integral result.
YITP FRB workshop 2021 Li et al. arXiv:2005.11071



Non-thermal: cutoffPL

peaks (∼ 30 ms) is consistent with that of the two narrow peaks in FRB 200428, and the appar-

ent time lag between X-ray and radio peaks (∼8.57 s) is in good agreement with the calculated

dispersion delay (8.63 s) between X-ray and radio using the DM (∼333 pc/cm3) measured by

CHIME/FRB8 and STARE29. We thus identify the burst detected by Insight-HXMT is associated

with FRB 200428 and both belong to a single explosive event from SGR J1935+2154.

The time-integrated spectrum of this burst (T0 − 0.2 s to T0 + 1.0 s) is derived jointly

using HE, ME and LE data (Figure 3, see Methods for details of spectral fitting). The best

fit and statistically acceptable model is a cutoff power-law (CPL) with neutral hydrogen col-

umn density nH = (2.79+0.18
−0.17) × 1022 cm−2, photon index Γ = 1.56 ± 0.06 and cutoff en-

ergy Ecut = 83.89+9.08
−7.55 keV. The unabsorbed fluence is (7.14+0.41

−0.38) × 10−7 erg cm−2 in 1–

250 keV, corresponding to a total emission energy of ∼ 1 × 1040 erg for the 12.5 kpc18 distance

of SGR J1935+2154. This burst is brighter than ∼ 84% of events collected from the source dur-

ing 2014− 2016 with Fermi/GBM13. We also fit the spectrum with several other spectral models,

e.g., single power-law (PL), double blackbody (BB+BB) and blackbody plus power-law (BB+PL).

The fit to the BB+PL mode is marginally consistent with data, with slightly higher column density

(nH = (3.50 ± 0.17) × 1022 cm−2) and larger photon index (Γ = 1.93 ± 0.04); the flux of the

unabsorbed blackbody component with temperature of 11.32+0.55
−0.56 keV is only 18% of the total flux

in 1–250 keV. The other two models provide significantly worse fit and are thus rejected.

We conclude that the integrated spectrum is dominated by a power-law covering at least the

1-100 keV range, and thus this burst is primarily non-thermal in nature. It is also clear that the two

narrow peaks separated by ∼ 30 ms must also be dominated by a non-thermal spectrum, since the

hardness reaches its maximum during the peak of the second bump of the lightcurves where the

two narrow peaks are found. It is interesting to note that the lower limit of the radio flux detected

with STARE29 falls in between the extrapolated values from the non-thermal X-ray spectrum with

the power-law parameters of the fits to the CPL and BB+PL models (see the panel (f) in Figure 3).

In summary, with the observation of Insight-HXMT we have identified that the short non-

thermal X-ray burst was emitted by the Galactic magnetar SGR J1935+2154 and produced almost

simultaneously with FRB 200428 in a single explosive event. In the literature, FRB emission has
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Such an X-ray burst is non-detectable 
if placed at a normal FRB distance.  

YITP FRB workshop 2021 Li et al. arXiv:2005.11071

The hard X-ray burst – FRB200428

Figure 3: The spectrum observed with Insight-HXMT covers the 1–250 keV energy band. Data

from the three telescopes of Insight-HXMT covering different energy bands are represented in

different colors (LE: black, ME: red and HE: green). In the fitting process, we introduced a constant

factor to offset the different saturation and deadtime effects in different detectors. Four models

were considered, cutoff power-law (CPL), blackbody+power-law (BB+PL), power-law (PL), and

blackbody+blackbody (BB+BB). The equivalent hydrogen column in the interstellar absorption

model was free to fit. (a) The X-ray spectrum of SGR J1935+2154 described by CPL model. The

inset (f) shows the comparison between the radio flux lower limit detected with STARE29 and

extrapolations from the X-ray spectrum to the radio frequency range, where the green and orange

regions are the 3σ error bands with the parameters of the CPL (below STARE2) and BB+PL (above

STARE2) models, respectively. Panels (b)-(e) are the residuals of the data from the individual

models, respectively. (see Methods for details of the spectral fitting and parameters derived.)
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The hard X-ray burst – FRB200428
This burst is spectrally different.
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Figure 1. Example light curve and spectrum of one of the 24 bursts simultaneously observed with 
Fermi/GBM and NICER. Panel (a): Fermi/GBM light curve in the 8-100 keV range. Panel (b): 
NICER light curve in the 1-10 keV range. In both panels, the light curves are shown at the 4 ms 
resolution. The X-axis is time in seconds from a fiducial burst start time. The Y-axis is the number 
of counts per second. The black dots are the data points, and the corresponding dark gray lines are 
the 1 σ uncertainties. Panel (c): NICER+GBM spectrum of this example burst in photon flux space, 
FE. The dots and corresponding vertical lines represent the spectral data and their corresponding 
1σ uncertainty. The data is binned for clarity and color-coded by instrument (NaI 6, NaI 7 are the 
two GBM detectors used for this burst). The solid curves define the best-fit cutoff PL model. The 
dashed lines constitute the best-fit cutoff PL model to a simulated spectrum based on the spectral 
properties of the FRB-X as seen with HXMT11. This fit had spectral parameters of an index ! =
1.5 ± 0.03 and "!"# = 84 ± 9 keV. Panel (d): residuals of the best-fit model to our NICER+GBM 
spectrum in standard deviation units (σ). 
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Figure 2. Grey-solid lines represent the probability density function (PDF) of the CPL index (left 188 
panel) and high-energy cutoff Ecut (right panel) for our sample of 24 bursts. In both panels, the 189 
black-solid lines are the PDF of a Gaussian kernel for the corresponding 24 PDFs. The blue dot-190 
dashed lines are the PDFs of the index (left) and the high-energy cutoff (right) as measured with 191 
HXMT in the FRB-associated burst. The red dashed lines are the PDFs of the index and cutoff 192 
energy of NICER+GBM simulated spectra based on the spectral parameters of the FRB-associated 193 
burst (see Methods). The probability of the FRB-associated burst to have an index drawn from our 194 
population of bursts is 1.4 × 10!", while the probability of Ecut to be drawn from our sample is 195 
1.0 × 10!#$, highlighting the unique properties of the FRB-associated burst compared to the rest 196 
of the burst population. 197 
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SGR J1935+2154: outbursts

SGRJ1935+2154, with its spin-down field strength of
B=2.2×1014 G (Israel et al. 2016b), the determination here
of 1.0 2.0S H( ( x– – nicely fits the Kaspi & Boydstun (2010)
correlation. Moreover, Enoto et al. (2010) noted a strong
correlation between the hardness ratio, defined as F FH S for the
hard and soft energy bands, respectively, and the characteristic
age τ. Following the same definition for the energy bands as in
Enoto et al. (2010), we find F F 1.4H S x , which falls very
close to this correlation line given the SGRJ1935+2154 spin-
down age τ=3.6 Kyr (Israel et al. 2016b). Since the electric
field for a neutron star E along its last open field line is
nominally inversely proportional to the characteristic spin-
down age E RB 1 2U� 8 r � , Enoto et al. (2010) argued that a
younger magnetar will be able to sustain a larger current,
accelerating more particles into the magnetosphere and causing
a stronger hard X-ray emission in the tail. This scenario is
predicated on the conventional picture of powerful, young
rotation-powered pulsars like the Crab.

The most discussed model for generating a hard X-ray tail in
magnetar spectra is resonant Compton up-scattering of soft
thermal photons by highly relativistic electrons with Lorentz
factors ∼10–104 in the stellar magnetosphere (e.g., Baring &
Harding 2007; Fernández & Thompson 2007; Beloborodov
2013). The emission locale is believed to be at distances
∼10–100 RNS where R 10NS � km is the NS radius. There the
intense soft X-ray photon field seeds the inverse Compton
mechanism, and the collisions are prolific because of scattering
resonances at the cyclotron frequency and its harmonics in the
rest frame of an electron. Magnetar conditions guarantee that
electrons accelerated by voltages in the inner magnetosphere
will cool rapidly down to Lorentz factors γ∼10–102 (Baring
et al. 2011) due to the resonant scatterings. Along each field
line, the up-scattered spectra are extremely flat, with indices

0.5 0.0h( _ � – (Baring & Harding 2007; see also Wadiasingh
et al. 2017), though the convolution of contributions from
extended regions is necessarily steeper and more commensu-
rate with the observed hard tail spectra (Beloborodov 2013).
While the inverse Compton emission can also extend out to
gamma-ray energies, the prolific action of attenuation mechan-
isms such as magnetic pair creation e eH l � � and photon
splitting H HHl (Baring & Harding 2001) limits emergent

signals to energies below a few megaelectronvolts in magnetars
(Story & Baring 2014), and probably even below 500 keV.
Beloborodov (2013, see also Chen & Beloborodov 2017)

developed a coronal outflow model based on the above picture,
using the twisted magnetosphere scenario (Thompson
et al. 2002; Beloborodov 2009). Twists in closed magnetic
field loops (dubbed J-bundles) extending high into the
magnetosphere can accelerate particles to high Lorentz factors,
which will decelerate and lose energy via resonant Compton
up-scattering. If pairs are created in profusion, they then
annihilate at the top of a field loop. Another one of the J-bundle
model predictions is a hot spot on the surface formed when
return currents hit the surface at the footprint of the twisted
magnetic field lines. The physics in this model is mostly
governed by the field line twist amplitude ψ (Thompson
et al. 2002), the voltage Φj in the bundle, and its half-opening
angle to the magnetic axis θj (Beloborodov 2013; Hascoët
et al. 2014).
The temperatures expected for the hot spots are of the

order of ∼1 keV, while areas depend on the geometry of the
bundle and the angle θj. For a dipole geometry, Aj _

A A1 4 0.02 0.3j
2

ns j
2

nsR Rx( ) ( ) , where A R4ns
2Q� : is the NS

surface area (Hascoët et al. 2014). Assuming that the hot BB
in our model discussed in the last paragraph of Section 3.3.1
represents the footprints of the J-bundle, for which we find a
temperature kT=0.8 keV, we estimate its surface area A≈
0.6 km2. Assuming that A≈Aj, we estimate θj≈0.05.
The above calculation assumes that the J-bundle is

axisymmetric extending all around the NS. The hot spot,
hence, is a ring around the polar cap rim. The smaller area that
we derive may suggest that the J-bundle is not axisymmetric
and extends only around part of the NS, implying that the twist
could have been imparted onto local magnetic field lines.
The total power dissipated by the J-bundle in the twisted

magnetosphere model can be expressed as L 2j x q
R1035

10 32 10 j,0.3
4Z N R' erg s−1 (Equation (3), Hascoët et al.

2014), where Φ10 is the voltage in units of 1010V, μ32 is the
magnetic moment in units of 1032Gcm3, R10 is the NS radius
in units of 10km, and 0.3j,0.3 jR R� . Given the magnetic
moment of SGRJ1935+2154, for choices of f10=1, ψ=1,
R10=1, and 0.2j,0.3R x , we estimate L 7 10j

32� q erg s−1.
This luminosity is a factor of ∼17 smaller than the hard tail PL
luminosity, L 1.1 10PL

34� q erg s−1, we derive with the
NuSTAR data, after normalizing it to the 2014 XMM-Newton
flux level.19 This might imply a larger voltage across the
twisted field lines than the choice of f10=1, which
corresponds to only ∼3×10−6 times the open field line
pole-to-equator voltage R B Pc2 2.8 10pNS

2 16Q x q( ) V for
SGRJ1935+2154. Another possibility is that the hard PL tail
could be much fainter during quiescence, which might indicate
a different decay trend for the high-energy tail compared to the
0.5–10 keV spectrum. A deep XMM-Newton+NuSTAR obser-
vation of SGRJ1935+2154 during quiescence would help
reveal the exact shape and power of the hard PL tail, inform on
how activation relates to heat transfer to and from the stellar
surface layers, and help refine the twisted magnetosphere
model.

Figure 6. Total 0.5–10 keV flux evolution with time for all four outbursts
detected from SGRJ1935+2154. The flux level reached the highest at outburst
onset during the latest outburst of 2016 June, during which the largest number
of bursts have been detected from the source. Solid lines represent an
exponential-decay fit. See the text for details.

19 The NuSTAR observation was taken five days after the outburst when the
simultaneous XRT observation showed an increase in the PL flux a factor of 2
above the quiescent XMM-Newton level of 2014. We normalized the hard PL
luminosity from Table 4 by the same factor. See also footnote17.
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(discovery)

YITP FRB workshop 2021the 2014 outburst. The evolution of the flux for the BB+PL
model and the emitting area radius of the 2BB model are shown
in Figures 3 and 4, respectively.

3.4. Outburst Comparison and Evolution

We first concentrate on the 2014 outburst, which has the best
observational coverage compared to the rest. The outburst
decay is best fit with an exponential function F t �( )
Ke Ft

q�U� , where K is a normalization factor, while
F 2.1 10q

12� q � erg s−1 cm−2 is the assumed quiescent flux
level as derived with the XMM-Newton observations (Figure 6).
This fit results in a characteristic decay timescale 29 414U � o
days (Table 5). Integrating over 200 days, we find a total
energy in the outburst, corrected for the quiescent flux level, of
E 4.1 0.7 1014

40� o q( ) erg. We find a flux at outburst onset
F 4.3 0.7 10on 14

12� o q �( )‐ erg s−1 cm−2 and a ratio to the
quiescent flux level R14≈2.0. Following the same recipe for
the 2015 outburst, we find a characteristic decay timescale

4315 8
12U � �

� days and a total energy in the outburst, corrected
for the quiescent flux level, E 6.1 1.1 1015

40� o q( ) erg.
The flux at outburst onset is F 4.7 0.08on 15 � o q( )‐
10 12� erg s−1 cm−2, and its ratio to the quiescent flux level
R15=2.2.

A similar analysis for the 2016 May and June outbursts was
difficult to perform because of the lack of observations
∼30 days beyond the start of each outburst (Figure 6) and
the poor constraints on the fluxes (due to the short XRT
exposures) derived a few days after the outburst onset. These
fluxes are consistent with Fq and the slightly brighter flux level
seen in the 2014 and 2015 outbursts between a few days after
outburst onset and the quiescence reached ∼70 days later.
Hence, we cannot derive the long-term decay shape of the light
curve during the last two outbursts from SGRJ1935+2154.

However, an exponential-decay fit to the 2016 outbursts results
in short-term characteristic timescales 4May 16 June 16U Ux x‐ ‐ days,

indicating a quick initial decay that might have been followed by a
longer one similar to what was observed in 2014 and 2015. To
enable a comparison between all outbursts, we derive the total
energy emitted within 10 days of each outburst. These are reported
in Table 5. The 2016 outburst onset to quiescence flux ratios are
RMay16=4.0 and RJune16=6.7. Table 5 also includes the total
energy in the bursts during the first day of each of the outbursts
(L. Lin et al. 2017, in preparation).
The decay timescales and total energies in the outbursts are

derived assuming a quiescent flux level consistent with the late
XMM-Newton observations. If, however, the true quiescent flux
level of SGRJ1935+2154 is lower (e.g., Israel et al. 2016b),
this would increase the decay timescale and the total energy
corrected for the energy released in the persistent emission. In
such case, the light curve decay shape would probably be more
complicated than a simple exponential function. Continued
monitoring of the source is important to alleviate these
systematic uncertainties on the source outburst properties.
Finally, we note that the last observation during the 2016

May outburst was taken 1.5 days prior to the start of the June
outburst (last green dot and first red square in Figure 6). The
total fluxes from the two observations differ at the 5σ level.
These results are discussed in Section 4.2.

4. Discussion

4.1. Broadband X-Ray Properties

Using high-S/N observations, we have established that the
SGRJ1935+2154 soft X-ray spectrum, with photon energies
<10 keV, is well described with the phenomenological BB
+PL or 2BB model. NuSTAR observations, on the other hand,
were crucial in providing the first look at this magnetar at
energies >10 keV, revealing a hard X-ray tail extending up to
50 keV. We note that this NuSTAR observation was taken
five days after the 2015 outburst. The Swift fit revealed a

Figure 3. SGRJ1935+2154 BB+PL spectral evolution during the 2014, 2015, and 2016 May and June outbursts. Panel (a) shows the number of bursts detected by
the Inter Planetary Network (IPN) since the source discovery and up to 2016 August. Panels (b1), (c1), and (d1) represent the evolution of the BB (stars), PL
(diamonds), and total fluxes (squares) from outburst onset and up to 200 days. Panels (b2), (c2), and (d2) represent the evolution of the F FPL BB ratio. Colors represent
fluxes derived from different instruments (black:Swift, blue:Chandra, red:XMM-Newton). See the text for details.
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Outbursts in 2014-2016:
• Flux increase accompanied 

by hardening of spectra
• Flux increase ∝ total burst 

energy
• Decay slower in 2014-2015; 

faster in 2016

Swift/XRT, Chandra and XMM-Newton
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4.2. Spectroscopy

We perform spectral analysis on the persistent emission of
SGR1935+2154starting with the second GTI of the first NICER
observation (Figure 1). We exclude the first GTI due to strong
contamination from unresolved burst emission. We fit the X-ray
spectra in the energy range of 1.0–5.0 keV. The background starts
to dominate beyond 5 keV due to the softness and relatively
low flux of the source. In this energy range, the X-ray spectra are
well described by an absorbed BB model. We fix the hydrogen
column density to 2.4×1022cm−2, which is inferred from earlier
high-S/N Chandra and XMM-Newton data (Younes et al. 2017b).
Our results are given in Table 1, and the spectral parameter
evolution is shown in Figure 8. In the latter, we also show the
average of the spectral parameters as obtained from earlier NICER
observations of SGR1935+2154 during 2017–2019.

5. Discussion

We have analyzed the NICER monitoring of SGR1935
+2154 following its most intense burst active period. We
report on the statistical characteristics of 217 bursts detected in
the first observation taken on 2020 April 28, 6 hr after the start
of the latest activity episode of the source. We also report the
timing and spectral analysis results of the persistent emission of
the source on that day, as well as their spectral evolution up to
90days after the outburst onset. In the following, we discuss
our results in comparison to other magnetar burst storms and
active episodes.

5.1. SGR1935+2154 Burst Storm Comparison to Other
Magnetars

On 2020 April 27, SGR1935+2154 entered its sixth and
most intense burst active episode, emitting tens of bright bursts

detected in the span of minutes. NICER started observing
SGR1935+2154 just 6 hr after the initial trigger and caught
the tail end of the burst storm during a span of 1120 s, detecting
bursts at a rate of >0.2 burstss−1. Large burst rates have
previously been observed from several magnetars, such as SGR
1900+14 (Göğüş et al. 1999; Israel et al. 2008), SGR 1806−20
(Woods et al. 2007), SGR 1627−41 (Woods et al. 1999b;
Esposito et al. 2008), 1E2259+586 (Gavriil et al. 2004), and
SGRJ1550−5418 (Mereghetti et al. 2009; Israel et al. 2010;
Scholz & Kaspi 2011; van der Horst et al. 2012). We discuss
below a qualitative comparison across magnetars, as a
quantitative comparison is not feasible, given the different
characteristics (e.g., energy ranges and sensitivity) of the
instruments with which they were observed.
The average T90 duration of 840 ms for SGR1935+2154

bursts is among the highest within the magnetar burst family
(e.g., Collazzi et al. 2015). Yet most of the T90 values for other
magnetars have come from large field-of-view, high-back-
ground instruments operating above 5 keV (e.g., CGRO-
BATSE and Fermi-GBM) that may have skewed durations
toward lower values (e.g., Israel et al. 2008; Younes et al.
2014). For instance, some of the bursts we report here were
also detected with Fermi-GBM above 8 keV. It is quite evident
by comparing the NICERand GBM light curves of these bursts
that the latter misses the weak tails of the bursts and hence
results in an underestimate of their T90 (see, e.g., Figure 1 in
Younes et al. 2020a). Hence, our larger-than-usual T90
measurement is likely a reflection of the large sensitivity and
low background of NICERrather than an indication of an
intrinsic source property.
Regarding burst morphology, we find very few single-

peaked bursts, with the majority showing multipeaked profiles.
Roughly 65% of our bursts have shorter rise than fall times,

Figure 8. Spectral evolution of the persistent emission of SGR1935+2154observed with NICER after the initial observation obtained on 2020 April 28. From top to
bottom, the panels show the evolution in the 0.3–10 keV range of the unabsorbed flux (in units of erg s−1 cm−2), the BB temperature, and the emitting radius assuming
a distance of 9 kpc. In all panels, green dashed lines show the average of the values inferred from historical NICERobservations obtained in 2017–2019, before the
source burst active period. The blue vertical dashed, dotted, and dashed–dotted lines, respectively, mark the times of the FRB-like event, two additional weak radio
bursts (Kirsten et al. 2020), and another weak radio burst reported by FAST (Zhang et al. 2020) from the source. The red solid curves in the top two panels constitute
the best-fit double exponential decay models to the flux and BB temperature, displaying an initial very rapid rise and then a much slower decline.
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Outbursts in 2020:
• Flux increase accompanied by 

hardening of spectra
• Flux increase ~10 times ∝ total 

burst energy
• Two decay trends ~0.65 day, 

~75 day

• The spin-down rate is ~2.7 times 
larger than that measured in 
2014

• The pulse profile changed 
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Figure 2. Left: SGR J1935+2154’s phase evolution as a function of time fitted with a linear plus a quadratic plus a cubic components (upper panel).
The residuals with respect to our best phase-coherent solution are reported in the lower panel, in units of seconds. Black circle and red square points mark
the Chandra and XMM–Newton observations, respectively. Right: Chandra plus XMM–Newton background-subtracted pulse profiles (arbitrary shifted on the
y-axis). From top to bottom, they refer to: (a) 0.5–1.5 keV, (b) 1.5–2.0 keV, (c) 2.0–3.0 keV, (d) 3.0–12.0 keV and (e) 0.5–12.0 keV. The dashed orange curve
marks the best fit (by assuming a model with two sinusoids) of profile (a): a systematic shift towards smaller phases (advance in time) as a function of energy
is evident. Profile (f) has been obtained by aligning profiles from (a) to (d).

3.2 Spatial analysis

Upon visual inspection of the X-ray images, it is apparent that
SGR J1935+2154 is embedded in a patch of diffuse emission. To
assess this in detail, we built for each pn observation a radial profile
in the 0.4–10 keV band and fit a point spread function (approximated
by a King model; Read et al. 2011) to it. In each instance, the inner
part of the profile can be fit by a King model with usual core radius
and slope values, whereas at radii ≈30–40 arcsec, the data start
to exceed significantly the model prediction. Since we obtained
consistent results from all the 2014 observations, we repeated the
same analysis on the stacked images in order to improve the signal-
to-noise ratio of the data. We also selected the photons in the 1–
6 keV energy range, since the spectral analysis (see Section 3.4)
shows that the diffuse emission is more prominent in this band. The
combined 2014 XMM–Newton profile is shown in black in Fig. 1.
The diffuse emission emerges at !30 arcsec from SGR J1935+2154
and extends to at least 70 arcsec. It is however not possible to
determine where the feature ends, because of both the low signal
to noise ratio at large distance from the point source and the gaps
between the CCDs. The profile of the latest XMM–Newton data
set has been obtained separately from the remaining data sets in
order to look for shape variabilities of the diffuse component on
long time-scales. The two pn profiles are in agreement within the
uncertainties (determined by using a Kolmogorov–Smirnov test that
there is a substantial probability (>50 per cent) that the two profiles
have been extracted from the same distribution), though a possible
shift of the diffuse component, towards larger radii, might be present
in the 30–40 arcsec radius interval.

A similar analysis was carried out by using the longest Chandra
data set. Though the latter is in CC mode, the field is not particularly
crowded and only faint point-like objects are detected in the field
of view. Correspondingly, it is still possible to gather information
over smaller scales than in the XMM–Newton data. The ACIS-S PSF

was simulated using the Chandra Ray Tracer (ChaRT) and Model of
AXAF Response to X-rays (MARX v5.0.0-0) software packages.1 The
result of this analysis is shown in blue in Fig. 1. Diffuse emission is
clearly present in the Chandra data and starts becoming detectable
at a distance of >1 arcsec from the source. Due to poor statistics
we have no meaningful information at radii larger than ∼15 arcsec.
Therefore, we are not able to assess if the diffuse structures detected
by XMM–Newton and Chandra are unrelated to each other or linked
somehow.

3.3 Timing analysis

The 0.5–10 keV events were used to study the timing properties
of the pulsar. The average count rate obtained from Chandra and
XMM–Newton was 0.11 ± 0.02 and 0.21 ± 0.01 cts s−1, respec-
tively. Coherent pulsations at a period of about 3.24 s were first
discovered in the 2014 July 29 Chandra data set carried out in CC
mode (Israel et al. 2014). The pulse shape is nearly sinusoidal and
does not show variations as a function of time. Also the pulsed
fraction, defined as the semi-amplitude of the sinusoid divided by
the source average count rate, is time independent (within uncer-
tainties) and in the 17/21 per cent range (1σ uncertainty of about
1.5 per cent). Additionally, the pulse shape does not depend on the
energy range, though a shift in phase of about 0.16 cycles is clearly
detected between the soft (0.5–1.5 keV) and hard (3.0–12.0 keV)
energy bands, with hard photons anticipating the soft ones (see
Fig. 2).

A refined value of P = 3.244 978(6) s (1 σ confidence level; epoch
56866.0 MJD) was inferred based on a phase-coherent analysis.
Due to the long time elapsed between the epoch of the first period

1 For more details on the tasks, see http://cxc.harvard.edu/chart/index.html
and http://space.mit.edu/cxc/marx/index.html
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function. We do not attempt more complex models, such as a
cutoff PL or a 2BB model, since NICER only covers a small
range of the magnetar burst broadband energy spectrum
(∼1–200 keV). We could not constrain the hydrogen column
density in the direction of SGR1935+2154 due to the low total
number of counts in the majority of the bursts. Hence, we fix
NH to 2.4×1022 cm−2, which is the best-fit value as derived
with high signal-to-noise ratio (S/N) persistent emission
spectra of the source (e.g., Younes et al. 2017b). This value
is also consistent with the one derived for bursts with enough
counts to enable a measurement of NH. Finally, 12 bursts had
very few counts to allow for any spectral analysis (Table 2).

We find that most bursts were better fit with the BB model as
opposed to the PL one, which consistently resulted in residuals
at the lower and upper end of the NICER energy range. We
show three examples of burst spectra in the right panels of
Figure 2. The spectra and best-fit absorbed BB model are
shown in panels (a). The residuals of the absorbed BB and PL
are displayed in panels (b) and (c), respectively. As can be
seen, especially in the second and third bursts, significant

residuals remain at the lower and upper ends of the energy
coverage when the bursts are fit with the PL model.
The distribution of the BB fit temperatures is exhibited

in Figure 6 (left panel). We find an average BB temperature of
1.7 and a 1σrange of 1.3–2.2 keV. Assuming a spherically
emitting region obeying the Stefan–Boltzmann law R2T4=
constant, we also display the distribution of emission areas R2

in Figure 6 and estimate an average of 54 km2. The 1σ interval
is 30–154 km2. Both are substantially larger than the corresp-
onding values for the persistent emission as presented in
Section 4. Finally, the positive correlation between the BB
temperatures, kT, and burst fluxes (Figure 6, right panel)
indicates a hardening of burst spectra with increasing flux.
However, we should stress the caveat here that we are using a
very narrow energy range to derive these results, which might
underrepresent the source spectral properties.
We measure burst fluences, F, by multiplying the time-

averaged flux of each burst with the corresponding T90
(measured in Section 3.2). We show in Figure 7 the differential
fluence distribution of the bursts in the first GTI, uniformly
binned on a logarithmic scale. The turnover at fluences
1.5×10−9 (open squares) reflects our inability to recover
bursts with lower fluences. To verify this assumption, we
perform simple simulations as follows. We assume that a burst
is approximated with a top-hat profile of a certain width
w∼T90. We assume that the simulated bursts have a total
number of counts ranging from 50 to 500, which we iteratively
increase in steps of 5 counts. We distribute these counts along
w following an exponential distribution, i.e., the expected
waiting time between events for a Poisson process. For each
total number of counts, we simulate 104 bursts with w drawn
from the lognormal distribution that best fits the T90
distribution. We add a background contribution to the burst
in a ±5 s interval around its centroid. The background count
rate is drawn from a normal distribution with a mean and
standard deviation of 75±5countss−1, which is the
maximum average background count rate of the first GTI
(Figure 1, bottom panel). Running our burst search algorithm
on the simulated light curves, we find that for 110 total burst
counts, we detect the bursts at the 99% rate. For a typical burst
spectrum (BB with kT=1.7 keV; see below), this corresponds
to a burst fluence F∼1.6×10−9 ergcm−2. Ignoring the bins
in Figure 7 with fluences lower than this value, we find that the
differential fluence distribution for SGR1935+2154 bursts can
be well modeled with a power law (PL) N∝F−0.5±0.1 or
dN/dF∝F−1.5±0.1, where N represents the total number of
bursts within a fluence bin, over approximately 3 orders of
magnitude of fluence from 10−6 to 10−9 ergcm−2.
Finally, we find the total burst fluence emitted during the

burst storm, Ftot=(5.0±0.1)×10−6 ergcm−2 in the
0.5–10 keV energy range, which translates to a total energy
emitted in the bursts of 4.8×1040 erg. This measurement
should be considered a lower limit because, for at least the
brighter bursts, the spectral peak is at energy >10 keV, beyond
the coverage of NICER(Younes et al. 2020a).

3.4. Properties of Bursts Beyond the Burst Storm

The April 28 NICER observation exhibits five GTIs, of
which the last four occur 2.9, 4.4, 5.8, and 15 hr after the first
GTI (i.e., the burst storm; Figure 1). We find two bursts in each
of GTIs 2, 3, and 4 and none in the very last. Given their
similar exposure, we derive for each a burst rate of

Figure 5. Top panel: persistent emission pulse profile of the NICER data taken
on 2020 April 28 (ObsID 3020560101), day 1 after the outburst onset (black
dots and solid line). We exclude the first GTI during which the burst forest
occurred. The rms pulsed fraction is 8%±2%. The light blue dots represent
the peak times of the NICER bursts folded at the spin period of the source. We
find no preference for burst peak arrival time with phase. The blue vertical
dashed line is the phase of the FRB arrival time. Bottom panel: pulse profile of
the persistent emission as observed during days 21–39 postoutburst (ObsIDs
3020560105–3020560119). The dotted lines are the phases of the two radio
bursts observed by Kirsten et al. (2020). The rms pulsed fraction is
6.7%±0.8%. The two profiles, shown in the energy range 1.5–5 keV, are
not phase-connected; their respective minima are shifted to phase zero. See text
for more details.
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Prolific transients
• SGR J1550-5418

• 3 active episodes in 2008-2009
• Burst forest on Jan. 22, 2009

• SGR J1935+2154
• 6 active episodes in 2014-2020
• Burst forest on Apr. 27, 2020”

ühundreds of bursts in several 
minutes 

üEnhanced hard X-ray persistent 
emission in GBM
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on the source 41 times: the number of triggers was limited
only by the instrument’s capability and did not reflect the actual
number of bursts emitted by the source. In fact, our on-ground
search for untriggered events revealed a total of ∼450 bursts
during this 24 hr period: an unusually high burst frequency from
a single source (A. J. van der Horst et al. 2010, in preparation).
Based on this SGR-like behavior, we renamed the source as
SGR J1550–5418 (Kouveliotou et al. 2009).

Upon examination of the data from the first GBM trigger
on January 22, we identified 29 short events riding on an en-
hancement of the underlying persistent emission lasting ∼150 s.
Closer inspection of this enhancement in different energy ranges
revealed periodic oscillations with a period consistent with the
spin period of SGR J1550–5418. We present here a detailed
temporal and spectral analysis of this enhanced emission pe-
riod. In Section 2, we briefly describe our observations and the
GBM instrument and data types. We present our temporal anal-
ysis results in Section 3, and our spectral studies in Section 4.
Finally, we discuss the physical implications of our discovery
in Section 5.

2. INSTRUMENTATION AND DATA

The Fermi/GBM consists of 12 Na i detectors (8–1000 keV)
arranged in four clusters of three each and two BGO detectors
(0.20–40 MeV) at opposite sides of the spacecraft (for a detailed
description of the instrument, see Meegan et al. 2009). GBM is
currently the only instrument with continuous broadband energy
coverage (8 keV–40 MeV) and a wide field of view (8 sr after
taking into account occultation by the Earth) and is, therefore,
uniquely positioned to accomplish a comprehensive magnetar
(or any transient event) monitoring. In trigger mode, GBM
provides three types of data; CTIME Burst, CSPEC Burst, and
time-tagged event (TTE) data (Meegan et al. 2009). The CTIME
Burst data have time resolution of 64 ms with rather coarse
spectral information (eight energy channels). The CSPEC Burst
data provide high-resolution spectra (128 energy channels)
collected every 1.024 s. Both CTIME Burst and CSPEC Burst
accumulate data for ∼600 s after a trigger. The TTE data provide
time-tagged photon event lists for an accumulation time of 330 s,
starting 30 s prior to the trigger time; this data type provides
superior temporal resolution down to 2 µs at the same spectral
resolution as the CSPEC Burst data.

The first GBM trigger at the onset of the second active
episode from SGR J1550–5418 was on 2009 January 22 at
00:53:52.17 UT (= T0, GBM trigger number 090122037). In the
600 s of the trigger readout, we detected many individual short
bursts using our on-ground untriggered burst search algorithm.
To accept an event as an untriggered burst, we required excess
count rates of at least 5.5σ and 4.5σ in the first and second
brightest detectors, respectively, in the 10–300 keV energy
range. We used CTIME data in both continuous (256 ms time
resolution) and Burst mode (64 ms resolution). Subsequently,
we inspected energy-resolved burst morphology and compared
each detector zenith angle to the source for all 12 detectors, to
determine whether the events originated from SGR J1550–5418.
In total, we identified about a dozen very bright bursts and over
40 less intense bursts within 600 s after T0 (see Figure 1). During
the same trigger readout, we also discovered an enhancement
in the underlying persistent emission starting at approximately
T0 + 70 s and lasting for ∼150 s (see the inset of Figure 1).

One of the events recorded during these 600 s, specifically the
burst at T0+147 s, was so bright that it initiated an autonomous
repoint recommendation (ARR), causing the spacecraft to start

Figure 1. Light curve of SGR J1550–5418 in 12–293 keV (GBM Na i 0 CTIME
data channels 1–4). An enlarged view of the pulsed, enhanced emission is shown
in the inset. The dashed line indicates the background level.

slewing toward the SGR J1550–5418 direction. As the source
was already close to the boresight of the Large Area Telescope
(LAT), the slew angle was pretty small. However, we proceeded
to check whether the observed emission enhancement was
artificially caused by the spacecraft slewing. First, we calculated
the variation in time of the zenith angle of SGR J1550–5418 for
each of the 12 GBM detectors. At the onset of the enhancement
(T0 + 70 s), the Na i 0 detector had the smallest zenith angle
to the source of 15◦. Due to the ARR, Na i 0 kept a constant
angle of 18◦ to the source from T0 + 150 s to T0 + 210 s, after
which it constantly slewed away from the source until it reached
an angle of 23◦ at T0 + 270 s. During this time the persistent
emission kept rising until T0 + 150 s, which alone confirms that
the enhanced emission is intrinsic to SGR J1550–5418. The
source was in the field of view of the detector until ∼T0 + 225 s,
at which time it went into an occultation by the LAT. At the
same time, Na i 6 was slewing toward the source at an angle
of 20◦, but the emission was unfortunately obscured by the
LAT until ∼T0 + 225 s. We note, however, that the enhanced
emission was not clearly detected with Na i 6 after T0 + 225 s.
Based on the above, we conclude that the rise of the enhanced
emission was definitely not caused by the spacecraft slew but by
the source itself; we cannot unambiguously determine the end
of the decay trend (or the total duration of the enhancement) in
the data due to LAT obscuration. In the analysis presented in
this paper, we have exclusively used data from Na i 0 (unless
noted otherwise), to avoid any obscuration effects. Finally, we
also checked the LAT data (20 MeV–300 GeV) of the entire day
for associated high-energy gamma-ray emission, but found no
evidence of high-energy photons originating from the direction
of SGR J1550–5418.

3. TEMPORAL PROPERTIES OF PULSED HARD X-RAYS

3.1. Timing Analysis

During our search for untriggered events in the first trigger
interval of 2009 January 22 from SGR J1550–5418, we found
strong apparent periodic modulations in the enhanced emission
period from T0 + 130 to 160 s in the 50–102 keV data of

SGR 1550-5418
Kaneko et al. 2010
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Figure 3. Pulse profiles of SGR J1550–5418 in equal logarithmic energy intervals: (a) 10–14 keV, (b) 14–22 keV, (c) 22–33 keV, (d) 33–50 keV, (e) 50–74 keV, and
(f) 74–110 keV. Two cycles are plotted for clarity. The vertical dotted and dashed lines are explained in Section 3.2.

T0 + 100 s to T0 + 220 s, which includes the strongest pulsation
period as found above) with the spin ephemeris of SGR J1550–
5418. We estimated the background level using the data segment
between T0 and T0 + 60 s. Figure 3 shows the source pulse
profiles during the enhanced emission interval in six energy
bands that have the same logarithmic width. The pulse profiles
above 110 keV are consistent with random fluctuations, and thus
not shown.

Figure 3 indicates that the SGR J1550–5418 pulse profiles in
the three lowest energy bands are most likely complex (multi-
peaked). While the two lowest energy band profiles are domi-
nated by the structure around phase 0.7–0.8 (indicated by the
dotted lines in Figure 3), in the 14–22 keV band we see the emer-
gence of another structure around phase 0.0 (indicated by the
dashed lines in Figure 3). This pulse becomes equally prominent
in the 22–33 keV range and then dominates in the 33–50 keV
band. The pulse profile changes remarkably in the 50–74 keV
band, which is the most statistically significant of all the energy
bands investigated, and is distinguished by a broad structure that
peaks at around phase 0.0. The 74–110 keV profile resembles the
50–74 keV one. As noted above, the pulse profile above 110 keV
is consistent with random fluctuations. Therefore, our results set
an observed upper energy bound of 110 keV for the hard X-ray
pulsations in SGR J1550–5418 during this enhanced emission
episode.

3.3. Pulsed Fraction

We computed the rms pulsed fraction using a Fourier based
approach as described in Woods et al. (2007). In summary,
we take the Fourier transform of each pulse profile, then we
calculate the rms pulsed flux by taking the Fourier coefficients
of up to third harmonic into account, and finally obtain the
pulsed fraction values by dividing the rms pulsed flux by the
phase-averaged flux. In Figure 4, we show the pulsed fraction
spectrum of SGR J1550–5418 in the same energy bands as in
Figure 3.

Although marginally significant, there is an indication of a
minimum in the rms pulsed fraction around ∼30 keV. The rms
reaches its maximum value of 0.55 ± 0.12 in the 50–74 keV
band, and then dips below detection at energies greater than
∼110 keV. We will discuss the implications of these results
along with the results of our spectral analysis in Section 5.

3.4. Search for High-frequency Quasi-periodic Oscillations

We also searched the period of enhanced emission for any
signs of high-frequency quasi-periodic oscillations (QPOs)
similar to those seen in the aftermath of SGR giant flares and
attributed to the excitation of global seismic modes (Israel et al.
2005; Strohmayer & Watts 2005, 2006; Watts & Strohmayer
2006). Using TTE data from the three detectors (Na i 0, 1,

1338 KANEKO ET AL. Vol. 710

(a) (d)

(b) (e)

(c) (f)

Figure 3. Pulse profiles of SGR J1550–5418 in equal logarithmic energy intervals: (a) 10–14 keV, (b) 14–22 keV, (c) 22–33 keV, (d) 33–50 keV, (e) 50–74 keV, and
(f) 74–110 keV. Two cycles are plotted for clarity. The vertical dotted and dashed lines are explained in Section 3.2.

T0 + 100 s to T0 + 220 s, which includes the strongest pulsation
period as found above) with the spin ephemeris of SGR J1550–
5418. We estimated the background level using the data segment
between T0 and T0 + 60 s. Figure 3 shows the source pulse
profiles during the enhanced emission interval in six energy
bands that have the same logarithmic width. The pulse profiles
above 110 keV are consistent with random fluctuations, and thus
not shown.

Figure 3 indicates that the SGR J1550–5418 pulse profiles in
the three lowest energy bands are most likely complex (multi-
peaked). While the two lowest energy band profiles are domi-
nated by the structure around phase 0.7–0.8 (indicated by the
dotted lines in Figure 3), in the 14–22 keV band we see the emer-
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above 110 keV are consistent with random fluctuations, and thus
not shown.

Figure 3 indicates that the SGR J1550–5418 pulse profiles in
the three lowest energy bands are most likely complex (multi-
peaked). While the two lowest energy band profiles are domi-
nated by the structure around phase 0.7–0.8 (indicated by the
dotted lines in Figure 3), in the 14–22 keV band we see the emer-
gence of another structure around phase 0.0 (indicated by the
dashed lines in Figure 3). This pulse becomes equally prominent
in the 22–33 keV range and then dominates in the 33–50 keV
band. The pulse profile changes remarkably in the 50–74 keV
band, which is the most statistically significant of all the energy
bands investigated, and is distinguished by a broad structure that
peaks at around phase 0.0. The 74–110 keV profile resembles the
50–74 keV one. As noted above, the pulse profile above 110 keV
is consistent with random fluctuations. Therefore, our results set
an observed upper energy bound of 110 keV for the hard X-ray
pulsations in SGR J1550–5418 during this enhanced emission
episode.

3.3. Pulsed Fraction

We computed the rms pulsed fraction using a Fourier based
approach as described in Woods et al. (2007). In summary,
we take the Fourier transform of each pulse profile, then we
calculate the rms pulsed flux by taking the Fourier coefficients
of up to third harmonic into account, and finally obtain the
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period as found above) with the spin ephemeris of SGR J1550–
5418. We estimated the background level using the data segment
between T0 and T0 + 60 s. Figure 3 shows the source pulse
profiles during the enhanced emission interval in six energy
bands that have the same logarithmic width. The pulse profiles
above 110 keV are consistent with random fluctuations, and thus
not shown.

Figure 3 indicates that the SGR J1550–5418 pulse profiles in
the three lowest energy bands are most likely complex (multi-
peaked). While the two lowest energy band profiles are domi-
nated by the structure around phase 0.7–0.8 (indicated by the
dotted lines in Figure 3), in the 14–22 keV band we see the emer-
gence of another structure around phase 0.0 (indicated by the
dashed lines in Figure 3). This pulse becomes equally prominent
in the 22–33 keV range and then dominates in the 33–50 keV
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band, which is the most statistically significant of all the energy
bands investigated, and is distinguished by a broad structure that
peaks at around phase 0.0. The 74–110 keV profile resembles the
50–74 keV one. As noted above, the pulse profile above 110 keV
is consistent with random fluctuations. Therefore, our results set
an observed upper energy bound of 110 keV for the hard X-ray
pulsations in SGR J1550–5418 during this enhanced emission
episode.
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We computed the rms pulsed fraction using a Fourier based
approach as described in Woods et al. (2007). In summary,
we take the Fourier transform of each pulse profile, then we
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of up to third harmonic into account, and finally obtain the
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band, and then dips below detection at energies greater than
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Prolific transients
üBurst spectral properties evolve

• SGR J1550-5418
• The bursts in 2008 only need only one BB (von Kienlin et al. 2012)

• The bursts in 2009 require BB+BB (Israel et al. 2008, van der Horst et al. 2009, Lin et 
al. 2012)

• SGR J1935+2154
• Bursts are slightly softer in later episodes. 
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Prolific transients
üBased on STEMS model, the 

surface magnetic field may change.
Bsurf > Bdip

(Ng et al. 2010, Gogus et al. 2020)

üX-ray pulse profile
• Pulse profile may change
• Pulse fraction reduced

(Ng et al. 2010, Younes et al. 2020 submitted, Gogus et 
al. 2020 submitted)

SGR 1550-5418
Ng et al. 2010

The Astrophysical Journal, 729:131 (8pp), 2011 March 10 Ng et al.

Figure 2. Pulse profiles of 1E 1547.0−5408 in 1–7 keV obtained from the
Chandra observations, using 64 phase bins. The rms PFs from Table 1 are
indicated.

significant given the measurement uncertainty is only ∼0.01.
However, such an energy dependence is not observed in 2009,
with the PFs in the two bands being consistent with each other.

2.2.2. Chandra Spectroscopy

The Chandra spectra of 1E 1547.0−5408 were extracted
using the tool psextract in CIAO, then binned such that every
bin has an S/N of at least 10. We performed the spectral fits
in the 0.5–7 keV range with XSPEC v12.6.0. All nine data sets
were fitted jointly with a single absorption column density (NH).
We also tried fitting different NH values for the 2008 and 2009
data, and confirmed that they are consistent. We started with
simple models including an absorbed blackbody (BB) and an
absorbed power law (PL), but obtained very poor fits (reduced
χ2 values over 1.5). An absorbed blackbody plus power-law
(BB+PL) model gives much better fits and the results are listed
in Table 2 and plotted in Figure 3. As shown in the figure, the fit
residuals suggest a hint of a spectral feature ∼1.3 keV, which is
more obvious in 2009 than in 2008. However, the significance
is only ∼1σ and deeper exposures are needed to confirm this.

In addition to the BB+PL model, we also considered more
physical models that account for the Compton up-scattering
of the thermal photons in the magnetosphere. We tried fitting
the Resonant Cyclotron Scattering (RCS; Lyutikov & Gavriil
2006; Rea et al. 2008) and the Surface Thermal Emission and
Magnetospheric Scattering (STEMS; Özel 2003; Güver et al.
2006) models to the data. In the latter, the gravitational redshift is
fixed at z = 0.306 during the fit, corresponding to the canonical
neutron star mass of 1.4 M# and radius of 10 km. While these
models fit the 2008 data reasonably well, the 2009 spectra clearly
require an additional hard component. Therefore, we added a PL

0.1

0.02

0.05

0.2

0.5
2008 BB+PL model

1 2 5

−0.05
0

0.05
0.1C

ou
nt

s 
s−1

 k
eV

−1

Energy (keV)

0.1

1

0.05

0.2

0.5

2009 BB+PL model

1 2 5
−0.2

−0.1

0

0.1

0.2

C
ou

nt
s 

s−1
 k

eV
−1

Energy (keV)

Figure 3. Best-fit blackbody plus power-law model fit to the 2008 and 2009
Chandra spectra (upper panels) with the corresponding residuals (lower panels).
Different observations are shown by different colors. The corresponding best-fit
spectral parameters are listed in Table 2.
(A color version of this figure is available in the online journal.)

to the spectral model in 2009, with Γ fixed at 1.33 according to
the Suzaku results (Enoto et al. 2010).10 Compared to the BB+PL
fit above, these models provide a similar goodness of fit in terms
of the reduced χ2 values. Table 2 lists the key parameters of the
best-fit models. The scattering optical depth τ is around 1–2
in 2008 and ! 3 in 2009, and the thermal velocity β of the
electrons is ∼0.4–0.5 in 2008 and ∼0.2 in 2009 (see Lyutikov
& Gavriil 2006, for a detailed definition of these parameters).

3. DISCUSSION

In this paper, we have reported on Chandra observations
of 1E 1547.0−5408 immediately following its 2008 and 2009
outbursts, along with RXTE timing and pulsed flux behavior
following the 2008 outburst and throughout the 2009 event. Next
we discuss these observations in the context of the magnetar
model.

3.1. Spectral and Spin Evolution

In the twisted magnetosphere model of magnetars (Thompson
et al. 2002), the observed X-ray luminosity of a magnetar is de-
termined both by its surface temperature and by magnetospheric

10 The INTEGRAL results also suggest that the hard-band PL spectral index
remained stable over the period of the Chandra observations (den Hartog et al.
2009).
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Prolific transients
Bright radio pulses from SGR J1550-5418 
covered by X-ray observations

• 2019-02-03, ~5 days after the peak of 
the burst forest

• The radio pulse highly saturated 
the Parkes.

• The 6 GHz radio flux >1Jy, 
pulse width ~200 ms

• An X-ray burst was detected ~1 s 
ahead of one radio pulse

2020-12-24 THU-DOAIsrael et al. 2020



Summary and questions
• In general, magnetars are sources full of surprises. 
• Bursts and outbursts

• Trigger and emission mechanisms
• Physical properties of magnetar

• SGR1935+2154: the most active prolific transient
• Magnetars with burst forest are the seeded players (to me)
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