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ABSTRACT

In early 2008 October, the soft gamma repeater SGR J1550−5418 (1E 1547.0−5408, AX J155052−5418,
PSR J1550−5418) became active, emitting a series of bursts which triggered the Fermi Gamma-ray Burst Monitor
(GBM) after which a second especially intense activity period commenced in 2009 January and a third, less active
period was detected in 2009 March–April. Here, we analyze the GBM data for all the bursts from the first and
last active episodes. We performed temporal and spectral analysis for all events and found that their temporal
characteristics are very similar to the ones of other SGR bursts, as well the ones reported for the bursts of the main
episode (average burst durations ∼170 ms). In addition, we used our sample of bursts to quantify the systematic
uncertainties of the GBM location algorithm for soft gamma-ray transients to �8◦. Our spectral analysis indicates
significant spectral evolution between the first and last set of events. Although the 2008 October events are best
fitted with a single blackbody function, for the 2009 bursts an optically thin thermal bremsstrahlung is clearly
preferred. We attribute this evolution to changes in the magnetic field topology of the source, possibly due to effects
following the very energetic main bursting episode.
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1. INTRODUCTION

Soft gamma repeaters (SGRs) together with anomalous X-ray
pulsars (AXPs) comprise a small group of X-ray pulsars with
many observational similarities. They have slow spin periods
clustered in a narrow range (P ∼ 2–12 s) and relatively large
period derivatives (Ṗ ∼ 10−13–10−10 s s−1). Their inferred sur-
face dipole magnetic fields of 1014–1015 G (Kouveliotou et al.
1998, 1999) place these sources at the extreme end of the distri-
bution of magnetic fields in astrophysical objects. Such objects
were predicted theoretically by Duncan & Thompson (1992),
Paczynski (1992), and by Usov (1992); the former team named
such high B-field sources “magnetars.” Phenomenologically, a
distinct difference between AXPs and SGRs is manifested by
their bursting activity behavior. SGRs have been observed to un-
dergo active episodes with a multitude of short, soft bursts with
energies upward of 1036 erg, reaching over 1045 erg in the case
of the very rare giant flares. AXPs, on the other hand, are not
such prolific and energetic bursters. As a result, SGRs were his-
torically discovered from their burst activity, while AXPs were
set aside from rotation-powered X-ray pulsars by their timing
properties with no bursts. This changed in 2002, when Gavriil
et al. (2002) discovered bursts from the AXP 1E1048.1−5937;
today almost all AXPs have also been shown to emit

SGR-like bursts, albeit fainter. As a group, magnetars are per-
sistent X-ray emitters with X-ray luminosities ranging between
1032 and 1036 erg s−1, larger than those obtained by rotational
energy losses, supporting the hypothesis that magnetic field dis-
sipation powers their X-ray emission. Alternative models, such
as, e.g., accretion from a fossil supernova fallback disk, have
also been invoked to explain the magnetar emission; for compre-
hensive reviews, see Woods & Thompson (2006) and Mereghetti
(2008), and references therein.

SGR J1550−5418 is a source that has undergone multi-
ple identity changes. The source was discovered in 1980 with
the Einstein observatory (Einstein source: 1E 1547.0−5408)
during a search for X-ray counterparts of COS-B unidenti-
fied γ -ray sources (Lamb & Markert 1981). The Advanced
Satellite for Cosmology and Astrophysics (ASCA) confirmed
the detection during a Galactic Plane survey in 1998 (ASCA
source: AX J155052−5418; Sugizaki et al. 2001). Gelfand
& Gaensler (2007) proposed, on the basis of XMM-Newton
and Chandra X-Ray Observatory (Chandra) observations in
2004 and 2006, a potential magnetar/supernova remnant
(SNR) association between this X-ray source and the Galac-
tic radio shell G327.24−0.13. The location in the center
of the SNR candidate, the relatively soft X-ray spectrum,
and the X-ray variability favored a magnetar model explanation;
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however the XMM observation only set an upper limit for the
peak-to-peak pulsed fraction. The crucial piece of evidence
was finally provided by radio observations (PSR J1550−5418;
Camilo et al. 2007). Their measurement of the spin period
of 2.07 s and period derivative of 2.3 × 10−11 s s−1 led to
an estimate for the surface magnetic dipole field of B ∼
2.2 × 1014 G, which confirmed the magnetar nature of the
source.

Due to the lack of bursting activity, the source was initially
characterized as an AXP (Camilo et al. 2007). However, in
2008/2009 the source entered an extremely active period
emitting a plethora of SGR-like bursts in three active episodes,
of which the first and the last were the least prolific. Based on the
main episode behavior, during which several hundreds of bursts
were emitted during a 24 hr period, similar to the burst “storms”
of SGRs 1627−41 (Esposito et al. 2008), 1900+14 (Göǧüş et al.
1999; Israel et al. 2008), and 1806−20 (Göǧüş et al. 2000),
the source was renamed as SGR J1550−5418 (Palmer 2009;
Kouveliotou et al. 2009). A detailed study of the 2008 October
Swift X-ray bursts from SGR J1550−5418 is presented in Israel
et al. (2010). A detailed analysis of ∼200 bursts detected within
a few hours on January 22 with the International Gamma-
Ray Astrophysics Laboratory (INTEGRAL) is presented in
Mereghetti et al. (2009) and Savchenko et al. (2010). Finally,
Terada et al. (2009) present the analysis of over 250 bursts
(50 keV to 5 MeV) detected with the Suzaku/Wide-band All-
sky Monitor (WAM), while the observations of the Swift-BAT,
Konus-Wind, and RHESSI are published by Gronwall et al.
(2009), Golenetskii et al. (2009), and Bellm et al. (2009),
respectively.

Chandra and RXTE observations, performed after the 2008
and 2009 outbursts, provided evidence of a decoupling between
magnetar spin and radiative properties (Ng et al. 2011). The
pulsar spin-down was observed to increase by a factor of 2.2
during the first 2008 event, in the absence of a corresponding
spectral change. During the more energetic 2009 events, no such
variation was found. A comprehensive analysis of multiple in-
strument X-ray data by Bernardini et al. (2011) recorded since
the 1980 discovery of the source showed that the X-ray flux
history can be grouped into three levels: low, intermediate, and
high. The observed persistent spectra harden when transitioning
from the low to the high state, with the power-law (PL) com-
ponent becoming flatter and the temperature of the blackbody
(BB) increasing. During the high flux state, the pulsed fraction
decreases with energy and shows an anti-correlation with the
X-ray flux.

The Gamma-ray Burst Monitor (GBM) onboard Fermi de-
tected all three active episodes of the source. A detailed tem-
poral and (integrated) spectral study of the main (second) burst
episode (2009 January 22–29) comprising 286 bursts was pub-
lished by van der Horst et al. (2012). A search in the Fermi-LAT
data in the 0.1–10 GeV energy range did not reveal significant
gamma-ray emission (Abdo et al. 2010). During this episode,
the first GBM trigger on 2009 January 22 showed a ∼150 s long
persistent emission with intriguing timing and spectral proper-
ties. Kaneko et al. (2010) identified coherent pulsations up to
∼110 keV at the spin period of the neutron star and an addi-
tional (to a PL) BB component required to model the enhanced
emission spectra. The favored emission scenario is a surface hot
spot with the dimensions of the magnetically confined plasma
near the neutron star surface (roughly a few ×10−5 of the neu-
tron star area). Tiengo et al. (2010) claimed two best-fit source
distances of 3.9 kpc and ∼5 kpc, using the X-ray rings around

SGR J1550−5418 produced by dust scattering. Here, we adopt
a distance of 5 kpc.

Such an extensive burst activity with hundreds of bursts within
a few days has only been observed from three other sources in
the past: SGRs 1806−20, 1900+14, and 1627−41. However,
lower level burst activity prior to the main bursting episode
was only seen from SGRs 1900+14 and 1806−20. Detailed
spectral analyses of the bursts from these sources showed that
the spectral properties of the earlier bursts were not distinct from
those occurring during their peak activity episodes (Göǧüş et al.
1999, 2000). In contrast, in SGR J1550−5418 the “before” and
“after” burst episodes (2008 October and 2009 March–April)
were significantly different from the main “storm” of activity:
the burst rates and event intensities were much lower. We report
here our spectral analysis results of the first and last bursting
episode from SGR J1550−5418, where we see for the first
time a clear distinction between the spectral shapes of events
detected before and after the main active episode of the source.
Therefore, we find here an intriguing new type of behavior
that was not observed before in other SGRs. In Section 2,
we present an overview of the source burst activity as seen
with GBM, while Section 3 presents detailed temporal and
spectral analysis of the bursts. Since this is the first soft transient
source detected with GBM, we discuss here also the GBM
location accuracy for soft sources. We discuss our results, and in
particular the implications of the spectral differences between
the two episodes, in Section 4.

2. OVERVIEW OF THE GBM OBSERVATIONS
OF SGR J1550−5418 BURSTS

On 2008 October 3, GBM triggered four times on soft
bursts consistent with the same Galactic location (von Kienlin
& Briggs 2008). The source triggered also the Swift satellite
(Krimm et al. 2008a, 2008b) approximately 25 minutes after
the first GBM trigger, enabling an accurate location and the
subsequent identification of the source with the magnetar
candidate 1E 1547.0−5408 (Rea et al. 2008). The GBM
locations were all consistent with the 1E 1547.0−5408 position
(see Section 3.2). None of the GBM bursts on 2008 October
was detected with Swift, as the two spacecrafts were on opposite
sides of the Earth; an untriggered burst search did not reveal any
additional bursts. The last GBM burst activity was recorded on
2008 October 10, 12:53:38 UT (van der Horst & Briggs 2008).

The source became active again on 2009 January 22, in a
second period of extremely high bursting activity (Connaughton
& Briggs 2009; von Kienlin & Connaughton 2009; Kouveliotou
et al. 2009; Mereghetti et al. 2009), with several short and very
bright bursts occurring at intervals of a few seconds to about
150 s between average bursts. In the next ∼30 d, the instrument
triggered on 117 discrete bursts through February 24, of which
15 were extremely intense, saturating the data rate. During the
first 24 hr (January 22) only 41 triggers were recorded as GBM
flight software requires a minimum of 596 s between triggers.
A search for untriggered events revealed a total of ∼450 bursts
during this 24 hr period (Kaneko et al. 2010; van der Horst
et al. 2012). The source remained active until 2009 February
24, albeit with a decreased rate of roughly two triggers per day,
with exceptionally intense bursts occurring about once per week.

After a month of quiescence, the source entered a third period
of medium activity, starting on 2009 March 22, 18:56:23.75 UT
and lasting until 2009 April 17. During this period, the GBM
triggered 14 times with ∼4 hr to ∼6 d between individual
triggers. The search for untriggered outbursts did not reveal
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Figure 1. Number of SGR J1550−5418 bursts per day over ∼210 d. Three
active periods are clearly visible, with an activity peak at the beginning of the
second period (MJD 54850). Arrows indicate times of 61 exceptionally bright
events (note that there are significant arrow overlaps in the figure).

any additional events. Only one bright burst caused a saturation
of the onboard science data bus. During this last period, the
mean burst fluence and peak flux were brighter compared to
the 2008 October activity, but fainter when compared to the
2009 January–February period. The three periods are shown in
Figure 1 as the number of events per day, exhibiting a distinct
peak at the beginning of the second activity period (MJD 54850).

Table 1 shows the list of GBM SGR J1550−5418 triggers
and bursts during the 2008 October and 2009 March–April
activity periods. The first trigger on 2008 October 3 includes 15
individual bursts. None of these bursts showed emission in the
two GBM bismuth germanate (BGO) detectors (0.2–40 MeV),
so the data from these detectors were excluded from our spectral
analysis.

The search for untriggered events was performed from 2008
September 22 to October 13 and from 2009 January 15 to
April 22 (2008 October 6 and 2009 March 12 and 13 were
left out due to data problems), thus covering part of the first gap
and the full second gap of bursting activity visible in Figure 1.
For the 93 d, from 2008 October 14 until 2009 January 14, left
out by the untriggered burst search, we can only exclude the
occurrence of additional events by the fact that GBM and any
other instrument did not trigger on bursts from this source. This
is corroborated by the finding that all bursts detected by the
untriggered bursts search during the activity periods presented
here did trigger GBM or occurred during the ∼600 s time period
where GBM switched into trigger mode.

3. DATA ANALYSIS

The Fermi-GBM instrument comprises two different types of
scintillation detectors. Burst locations and the low-energy part of
spectra (8 keV to 1 MeV) are provided by an array of 12 thallium-
activated sodium iodide (NaI) scintillator detectors (numbered
from NaI 0 to NaI 11). The two BGO detectors extend the
spectral coverage to ∼40 MeV (for a detailed overview of the
instrument and its capabilities, see Meegan et al. 2009). Here,

we use only the spectral data below 200 keV, since none of the
bursts examined showed emission at higher energies.

GBM provides several trigger data types (Meegan et al. 2009):
the continuous high spectral resolution data CSPEC, with 128
energy channels, logarithmically spaced over the energy range
of the NaI detectors and 1.024 s time resolution; the continuous
high time resolution CTIME data, binned at 64 ms, with only
eight channel spectral resolution; and the time-tagged event
(TTE) data, which we used for the analysis of the relatively
short SGR bursts. The TTE data consist of a time-tagged photon
event list with a temporal resolution as low as 2 μs and the same
spectral resolution as the CPSEC data. The TRIGDAT data, the
first burst information, quickly downlinked after a burst trigger,
comprise information on background rates, the burst intensity,
hardness ratio, localization, and classification, which is needed
for the on-ground localization.

3.1. Data Selection Criteria

Fermi is operated in sky-scanning survey mode, with the
viewing direction rocking to north and south by 35◦ from the
zenith on alternate orbits, at a slew rate up to several degrees
per minute. This operation mode causes a continuous change of
the angle between the source and the detector normal. We have
analyzed here bursts viewed by detectors with source aspect
angles less than 40◦. This selection is justified by the softer
SGR spectra and the detector effective area, which decreases
more rapidly with source angle for softer photons (Bissaldi et al.
2009). None of the selected detectors was subject to blockage
from other parts of the Fermi spacecraft.

Figure 2 shows a 200 s section of the TTE data light curve
during the first trigger bn081003.377 in 64 ms bins. As indicated
on the figure, we find eight untriggered bursts during this period,
in addition to the one that triggered the instrument at ∼0 s.
Table 1 lists the start times of all individual bursts related to the
trigger time, together with the detector numbers and data types
used in our analysis. In this first trigger, detectors NaI 1 and
2 had the smallest source aspect angle during the ∼330 s TTE
data period. At times starting after the TTE data type ends until
the end of the trigger mode at ∼600 s, only continuous CSPEC
and CTIME data are recorded, and detector NaI 5 also fulfills
the <40◦ selection criterion.

Figure 3 exhibits individual bursts from the two active peri-
ods. The first panel of the top row shows trigger bn081003.377,
which triggered GBM at T0 = 9:03:06 UTC on 2008 October 3
(burst 2 of Table 1; see also Figure 2). The next two panels
show untriggered bursts: the first event at T0 ∼ −19.9 s, which
was too weak to trigger GBM, and bursts 7 and 8, observed at
T0 + 117.5 s. The light curve of the brightest event during this
period, burst 20, which triggered GBM one day later, is shown
in the fourth panel. The shape, intensity, and duration of all these
events are typical for all other bursts observed during the 2008
October activity period.

During the 2009 March–April period, only 15 bursts (also
listed in Table 1) were observed, including two very bright
bursts with single detector peak count rates >1×105 count s−1.
At these high count rates, the performance of GBM is affected
by dead time and pulse pile-up as described in detail in Meegan
et al. (2009). The light curve of trigger bn090322.944 (burst 24
of Table 1, shown in the leftmost panel of the bottom row in
Figure 3), saturated GBM for ∼100 ms. The flat plateau from
T0 + ∼ 80 ms to T0 + ∼ 185 ms is caused by the clipping of
TTE events at the maximum rate of the High Speed Science
Data Bus (HSSDB). Burst 29 (trigger bn090330.237), shown
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Table 1
SGR J1550−5418 Trigger Times and Durations

Burst Trigger a Trigger Time Startb Stopb Duration Detector Data

No. No. (UTC) T90 T50 Nos. Type
(s) (s) (ms) (ms)

1 bn081003377U 9:03:06 −19.888 −19.840 160 ± 29 72 ± 11 1, 2 TTE/CTTE
2 bn081003377 9:03:06 −0.048 0.128 276 ± 53 120 ± 25 1, 2 TTE/CTTE
3 bn081003377U 9:03:06 10.112 10.496 672 ± 72 320 ± 72 1, 2 TTE/CTTE
4 bn081003377U 9:03:06 27.168 27.264 68 ± 25 28 ± 11 1, 2 TTE/CTTE
5 bn081003377U 9:03:06 89.568 89.664 128 ± 23 56 ± 23 1, 2 TTE/CTTE
6 bn081003377U 9:03:06 109.504 109.728 424 ± 72 120 ± 18 1, 2 TTE/CTTE
7 bn081003377U 9:03:06 117.488 117.568 64 ± 23 24 ± 18 1, 2 TTE/CTTE
8 bn081003377U 9:03:06 117.904 118.048 104 ± 34 56 ± 11 1, 2 TTE/CTTE
9 bn081003377U 9:03:06 149.824 149.952 136 ± 18 64 ± 11 1, 2 TTE/CTTE
10 bn081003377U 9:03:06 240.736 240.768 . . .c . . .c 1, 2 TTE/CTTE
11 bn081003377U 9:03:06 306.760 . . . . . . . . . 1, 2, 5 CTIME
12 bn081003377U 9:03:06 321.090 . . . . . . . . . 1, 2, 5 CTIME
13 bn081003377U 9:03:06 411.780 . . . . . . . . . 1, 2, 5 CTIME
14 bn081003377U 9:03:06 468.440 . . . . . . . . . 1, 2, 5 CTIME
15 bn081003377U 9:03:06 584.137 585.161 . . . . . . 1, 2, 5 CSPEC
16 bn081003385 9:14:00 −0.168 0.008 108 ± 18 56 ± 34 1, 2, 5 TTE/CTTE
17 bn081003385U 9:14:00 103.432 103.544 . . .c . . .c 2, 5 TTE/CTTE
18 bn081003446 10:42:53 −0.038 0.090 120 ± 14 60 ± 11 1, 2, 5 TTE/CTTE
19 bn081003779 18:41:39 −0.023 0.105 104 ± 9 60 ± 11 1, 2, 5 TTE/CTTE
20 bn081004050 1:11:32 −0.023 0.105 132 ± 28 56 ± 11 1, 2, 5 TTE/CTTE
21 bn081005020 0:29:09 −0.023 −0.007 24 ± 16 12 ± 6 6, 7 TTE/CTTE
22 bn081010537 12:53:38 −0.039 0.009 60 ± 18 24 ± 9 1, 2, 5 TTE/CTTE
23 bn090322789 18:56:23.75 −0.087 0.489 592 ± 40 360 ± 29 0, 1, 3 TTE/CTTE
24 bn090322944 22:39:15.75 −0.023 0.489 288 ± 6 88 ± 6 7, 8 TTE/CTTE
25 bn090326625 15:00:36.01 −0.023 0.089 244 ± 30 80 ± 6 9, 10 TTE/CTTE
26 bn090326625U 15:00:36.01 2.176 2.496 192 ± 45 96 ± 36 9, 10 TTE/CTTE
27 bn090328545 13:05:12.04 −0.023 0.057 136 ± 37 48 ± 9 9, 10 TTE/CTTE
28 bn090329754 18:05:15.76 −0.023 0.025 140 ± 54 28 ± 11 10, 11 TTE/CTTE
29 bn090330237 05:41:09.99 −0.023 0.057 124 ± 24 32 ± 9 6, 7 TTE/CTTE
30 bn090401093 02:14:28.53 −0.375 −0.327 2656 ± 172 1632 ± 172 3, 6, 7 TTE/CTTE
31 bn090401666 15:59:36.83 −0.023 0.89 88 ± 6 32 ± 6 10 TTE/CTTE
32 bn090403592 14:13:04.46 −0.023 0.121 320 ± 23 80 ± 36 9, 10 TTE/CTTE
33 bn090403761 18:15:36.30 −0.039 0.041 136 ± 18 48 ± 23 6, 7 TTE/CTTE
34 bn090409351 08:25:24.01 −0.023 0.073 112 ± 18 72 ± 18 9, 10 TTE/CTTE
35 bn090411917 22:01:05.27 −0.039 0.137 180 ± 20 64 ± 9 7, 8 TTE/CTTE
36 bn090413987 23:41:48.86 −0.007 0.057 72 ± 6 28 ± 6 6, 7 TTE/CTTE
37 bn090417946 22:42:11.37 −0.023 0.409 480 ± 69 336 ± 23 9, 10 TTE/CTTE

Notes.
a yymmdd.thousandth of day.
b Related to T0 = trigger time.
c rmfit crashed.

in the second panel, reached a single detector peak count rate
of about >3.5 × 104 count s−1, resulting in dead time of 10%.
The third panel shows the second brightest burst (burst 31 of
Table 1) with an observed single detector peak count rate of
∼1 × 105 count s−1 and a dead time of 50%. The nonsaturated
bursts of the 2009 March–April period are on average brighter
than the bursts observed in 2008 October. The rightmost panel
of the bottom row shows burst 25, which is comparable in
brightness to the brightest burst observed during 2008 October.

Table 1 lists detailed trigger information for all events as well
as the time periods (start and stop columns) used for our spectral
analysis. The high temporal resolution of the TTE (2 μs) easily
accommodates the analysis of the bursts. The 0.064 s continuous
CTIME data cannot be used for our spectral analysis due to their
coarser spectral resolution. CSPEC data were used only for burst
15 (Table 1), which was located inside the one CSPEC 1.024 s
integration time with a signal to background ratio high enough
to allow spectral analysis (this burst was excluded from our
temporal analysis).

3.2. Soft Burst Location Systematics

We determined for all 21 triggered bursts in Table 1 an ap-
proximate on-ground location using the TRIGDAT data in order
to check the consistency of the GBM derived locations with the
accurately known source position. These locations were com-
puted using the Daughter Of Locburst (DOL) location-finding
code, which compares observed rates to a table of calculated
relative rates in the 12 NaI detectors for each of 41,168 direc-
tions (at 1◦ resolution) in spacecraft coordinates by utilizing a
chi-squared fit. Compared to the on-board flight software loca-
tions, the DOL includes atmospheric and spacecraft scattering
more accurately, using a finer angular grid, and accounts more
properly for differences in burst spectra. In addition, DOL also
corrects for the recording dead time. A dedicated table was pre-
pared especially for soft events with rates integrated over the
5–50 keV energy range.

The right panel of Figure 4 shows the calculated locations and
their statistical uncertainties (radius of 1σ containment) for both
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1 at T0 − 19.9 s and bursts 7 and 8 at T0 + 117.5 s. The rightmost panel shows the brightest burst (no. 20) observed during the 2008 October period. Bottom row: the
left three panels show the brightest bursts (nos. 24, 29, and 31) observed during the 2009 March–April period. The rightmost panel shows burst 25 with comparable
intensity to burst 20 shown in the panel above. The light curves were obtained by adding counts of the two detectors (depicted in the panels in hexadecimal notation,
n0. . . nb), which showed the highest peak count rates.

activity periods. The two left panels show the location accuracy
distributions as absolute distance in degrees from the source
position (top) and as distance in number of 1σ radii (bottom).
Roughly 86% of the locations are consistent with the source
position within 3σ error radii. A similar percentage is located
<8◦ from the actual source position in a flat distribution. It
should be noted that the three bursts (nos. 31, 45, and 36) with
the largest deviation of error radii (>3), are the ones with the
highest 16 ms peak fluxes, listed in Table 2, with the exception
of trigger bn090322.944, the saturated burst 24 (see Figure 3,

bottom row, leftmost panel). In this case, the location was
derived for one selected ∼50 ms bin in the rising part of the
burst light curve, from −0.048 s to 0.016 s, thus avoiding the
saturated part. From these dependencies, we conclude that the
“soft” location accuracy is affected by high event rates, probably
caused by hidden systematic errors, e.g., the standard dead-time
correction may not be valid for soft and bright events.

The accuracy of the GBM localizations for (the hard) Gamma-
Ray Bursts (GRBs) is reported by V. Connaughton et al. (2012,
in preparation). They find that the systematic location errors for
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Figure 4. Right panel: on-ground calculated locations and their uncertainties (radius of 1σ containment). The locations from the two activity periods are marked with
different symbols (2008 October: open triangles; 2009 March–April: open squares). The source position of SGR J1550−5418 is shown as a cross. Left panels: (top)
location accuracy, displayed as absolute distance in degrees from the source position and (bottom) as distance in number of error radii.

(A color version of this figure is available in the online journal.)

GRBs are best described by two contributions, one with 2.◦8
error with 70% weight and one with 8.◦4 error with 30% weight.

3.3. Temporal Analysis

3.3.1. T90 and T50 Durations

The SGR J1550−5418 burst temporal analysis was performed
in a similar manner as the one described by Lin et al. (2011).
The durations, expressed as T90 and T50,11 were determined both
in photon and in count space. The durations in count space were
calculated by applying an algorithm adapted for the analysis of
GBM TTE data, which was originally developed by Kouveliotou
et al. (1993) and later modified by Göǧüş et al. (2001) and
Gavriil et al. (2004). Thanks to a new on-ground build data type
of the GBM data, the so-called CTTE data type, it was possible
to determine the T90, T50 durations in photon space using the
GBM RMFIT (4.0rc01) software,12 similar to what was done in
the case of GBM GRBs (Paciesas et al. 2012). The CTTE data
type is derived from TTE data by rebinning the 128 TTE energy
bins into eight energy bins, with the same boundaries as the
CTIME data. The CTTE data type allows us to generate finer
time bins, compared to the 64 ms bin width of the CTIME data
during burst mode, which are necessary especially for temporal
analysis of short bursts from SGRs. In our case, the individual
burst data were rebinned to 4 ms, 8 ms, or 16 ms bins depending
on the intensity of the burst. The burst durations T90 (T50) were
computed in the 8–200 keV energy range.

Since the bursts presented here are relatively weak, we applied
the count rate algorithm twice to each burst in order to account
for systematics. In some cases, the deviations were large, most

11 T90 (T50) is the duration during which the background-subtracted
cumulative counts increase from 5% (25%) to 95% (75%) of the total counts
(Kouveliotou et al. 1993).
12 R. S. Mallozzi, R. D. Preece, & M. S. Briggs, “RMFIT, A Lightcurve and
Spectral Analysis Tool,” c© 2008, Robert D. Preece, University of Alabama in
Huntsville, 2008.

probably depending on small differences in the background
selection. Durations calculated in photon space have smaller
systematic uncertainties. Due to this fact, only the results
obtained in photon space are presented here.

Figure 5 shows the distribution of T90 and T50 durations for
30 bursts out of the 37 bursts listed in Table 1. The mean value
of ∼170 ms of the log-normal fit to the T90 distribution is
comparable to the bulk of magnetar bursts and entirely consistent
with the average duration of 174 ± 10 ms of the bursts during
the most active episode from the source (2009 January) reported
by van der Horst et al. (2012). No general trends or differences
in the burst durations of the two active periods were observed.

3.3.2. Timing Analysis

In 2008 October, SGR J1550−5418 emitted 19 bursts in
the course of ∼10 hr. Out of these bursts, 15 events were
emitted within only ∼10 minutes. Similarly to Kaneko et al.
(2010), we looked for periodic modulations in the source
persistent emission using the TTE data stream of NaI 1,
which was the detector with the smallest source angle toward
SGR J1550−5418. For the analysis, we corrected the TTE data
to the solar system barycenter, binned the data with a time
resolution of 16 ms (8–100 keV), and selected the time interval
[T0 − 25; T0 + 160] s which roughly corresponds to the interval
from burst 1 to 9 (see Table 1). We performed all timing analyses
twice, with the SGR bursts and without them (we carefully
removed the burst intervals from the light curve).

We used several different timing techniques, including a
Lomb–Scargle periodogram (Scargle 1982; Horne & Baliunas
1986; Press & Rybciki 1989), Period0413 (Lenz & Breger 2005),
a code specifically designed to extract multiple periodic signals
in astronomical time series through simultaneous least-squares
fitting. We also used a multi-harmonic “analysis of variance”

13 http://www.univie.ac.at/tops/Period04/
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Table 2
Spectral Analysis Results

Burst BB OTTB Comp ΔC-stat Fluence 16 ms Peak Flux

No. A kT C-stat A kT C-stat A EPeak α C-stat (BB (8–200 keV) (8–200 keV)
×10−3 /DOF ×10−3 /DOF (keV) /DOF − OTTB) (10−8 erg cm−2) (photon cm−2 s−1)

1 4.7+1.8
−1.3 11.5+1.0

−1.0 165.3/237 16.8+4.9
−4.0 44.7+9.1

−6.6 169.5/237 . . . . . . . . . . . . −4.2 4.1 ± 0.5 14.6 ± 3.0

2 3.1+0.5
−0.5 12.5+0.6

−0.5 215.3/237 17.1+2.8
−1.9 52.5+7.2

−4.2 275.5/237 . . . . . . . . . . . . −60.2 13.4 ± 0.9 23.0 ± 3.4

3 1.2+0.5
−0.3 11.4+1.0

−1.0 264.2/237 4.8+1.4
−1.2 49.5+11.2

−8.4 270.8/237 . . . . . . . . . . . . −6.6 8.1 ± 0.9 9.9 ± 2.6

4 2.5+0.8
−0.6 12.8+1.0

−0.9 194.1/237 17.6+3.1
−3.1 59.5+10.4

−8.8 210.6/237 . . . . . . . . . . . . −16.6 6.5 ± 0.6 23.1 ± 3.3

5 2.6+0.7
−0.5 13.1+0.8

−0.8 193.7/237 18.4+3.1
−2.9 56.0+8.4

−6.7 226.1/237 . . . . . . . . . . . . −32.4 7.6 ± 0.7 26.3 ± 3.5

6 2.3+0.5
−0.4 12.3+0.7

−0.6 221.2/237 12.2+2.1
−1.7 52.5+7.5

−5.4 256.1/237 . . . . . . . . . . . . −35.0 13.1 ± 1.0 21.7 ± 3.4

7 4.0+1.6
−1.1 10.8+1.0

−0.9 218.4/237 14.8+3.9
−3.6 54.5+13.4

−10.0 226.7/237 . . . . . . . . . . . . −8.3 4.5 ± 0.5 18.6 ± 3.2

8 0.7+0.5
−0.3 13.6+2.1

−1.8 230.7/237 8.0+2.4
−2.4 70.3+30.5

−0.0 228.4/237 . . . . . . . . . . . . +2.3 3.6 ± 0.6 8.3 ± 2.4

9 3.2+0.6
−0.5 13.2+0.6

−0.6 211.2/237 25.2+3.4
−3.0 59.0+7.5

−5.9 237.3/237 . . . . . . . . . . . . −26.1 1.3 ± 0.1 26.5 ± 3.6

10 4.7+2.1
−1.5 11.1+1.2

−1.0 159.1/237 13.2+7.2
−3.9 42.9+17.1

−0.0 172.3/237 . . . . . . . . . . . . −13.2 2.3 ± 0.4 22.6 ± 3.5

1–10 2.3+0.2
−0.2 12.3+0.3

−0.3 237.5/237 12.8+0.8
−0.8 54.2+2.9

−2.5 402.7/237 10.9+5.6
−5.6 47.7+1.1

−1.1 1.51+0.27
−0.26 238.3/236 −165.2 . . . . . .

15 5.1+0.2
−0.2 12.0+1.2

−1.1 356.7/359 3.0+0.6
−0.6 56.2+11.3

−9.3 354.5/359 0.19+0.33
−0.17 49.9+12.6

−5.7 0.25+0.47
−1.11 352.7/358 +2.2 11.2 ± 0.9 . . .

16 1.2+0.4
−0.3 12.5+1.0

−0.9 338.6/340 6.3+1.8
−1.3 50.5+11.8

−6.7 359.9/340 86.5+2160
−53.0 47.4+3.2

−3.2 2.91+1.84
−0.96 336.9/339 −21.3 5.4 ± 0.6 18.0 ± 2.9

17 4.4+0.8
−0.7 12.6+0.6

−0.6 187.6/228 26.2+3.3
−3.5 55.7+6.0

−5.8 218.2/228 6.3+32.8
−3.3 49.5+3.9

−3.4 0.84+0.97
−0.35 187.5/227 −30.6 12.7 ± 0.6 28.6 ± 2.8

18 5.4+0.9
−0.7 12.5+0.5

−0.5 329.4/347 30.1+3.1
−3.1 51.0+4.1

−4.0 348.5/347 4.1+4.8
−2.1 49.4+2.4

−2.2 0.53+0.40
−0.36 324.8/346 −19.1 17.3 ± 0.7 39.1 ± 3.0

19 8.8+0.1
−0.1 10.7+0.4

−0.4 383.7/358 22.8+2.7
−2.7 42.9+3.3

−3.1 392.8/358 3.12+3.03
−1.45 42.4+2.0

−1.8 0.26+0.33
−0.31 371.5/357 −9.1 15.0 ± 0.5 44.8 ± 2.7

20 4.0+0.6
−0.5 12.6+0.5

−0.5 327.1/360 24.9+2.7
−2.6 55.7+5.3

−4.7 369.3/360 9.6+13.3
−5.2 49.2+2.3

−2.1 1.14+0.44
−0.40 326.5/359 −42.2 13.0 ± 0.5 51.7 ± 4.0

21 1.1+0.4
−0.3 11.9+1.0

−1.0 143.1/241 52.1+11.8
−11.2 49.3+8.9

−7.4 154.6/241 4.9+15.4
−3.3 47.9+5.3

−4.4 0.3+0.7
−0.6 140.4/240 −11.5 3.8 ± 0.3 43.05 ± 3.1

22 2.6+0.7
−0.6 14.0+1.0

−0.9 305.3/358 26.4+4.2
−4.1 61.5+10.1

−8.4 328.5/358 20.4+105.0
−14.5 53.9+3.9

−3.5 1.7+1.0
−0.7 305.4/357 −23.2 5.0 ± 0.3 20.35 ± 1.9

23 3.5+0.9
−0.6 10.1+0.5

−0.6 562.8/351 9.5+1.1
−1.1 47.9+4.2

−3.8 442.7/351 0.02+0.01
−0.01 43.3+8.7

−8.1 −1.63+0.18
−0.16 431.31/350 +120.1 30.9 ± 1.6 34.3.0 ± 2.7

25 12.3+3.2
−2.5 9.4+0.6

−0.6 268.8/231 18.7+3.8
−3.5 40.0+4.8

−4.2 232.7/231 183+177
−83 39.7+5.1

−4.9 −1.1+1.1
−0.8 232.6/230 +36.1 13.2 ± 0.9 55.0 ± 5.9

26 0.5+0.3
−0.2 13.8+2.0

−1.9 299.2/254 7.6+1.5
−1.6 105.0+48.8

−30.0 298.2/254 0.10 ± 0.14 69.7 ± 15.8 −0.18 ± 0.78 297.11/253 +1.0 9.5 ± 3.3 7.7 ± 1.1

27 16.7+3.8
−3.0 9.4+0.5

−0.5 202.9/235 23.8+4.7
−4.3 39.0+4.3

−3.8 177.6/235 0.64+0.73
−0.32 39.2+3.6

−3.2 −0.66+0.35
−0.32 176.4/234 +25.3 12.6 ± 0.6 53.3 ± 4.2

28 29.3+6.9
−5.2 9.4+0.5

−0.5 191.9/238 35.2+7.3
−6.6 35.6+3.8

−3.4 173.1/238 1.47+2.0
−0.8 36.8+3.2

−3.1 −0.56+0.40
−0.36 171.6/237 +18.8 12.7 ± 0.6 97.7 ± 6.3

29 97.4+8.5
−7.2 8.9+0.2

−0.2 417.9/239 79.7+6.8
−6.5 32.6+1.3

−1.2 226.2/239 2.23+0.77
−0.56 33.3+1.3

−1.4 −0.87+1.4
−1.3 225.3/238 +191.7 55.7 ± 1.0 518 ± 12

30 3.0+2.4
−1.3 10.7+1.7

−1.6 278.0/360 10.3+4.4
−4.0 49.4+19.7

−13.1 271.2/362 0.01 ± 0.05 76.7 ± 114.0 −1.84 ± 0.43 270.0/359 +6.8 2.5 ± 0.3 14.1 ± 1.7

31 261+14
−13 8.8+0.1

−0.1 361.3/118 176+11
−11 30.9+0.8

−0.8 158.8/118 17.9+4.7
−3.7 33.2+0.7

−0.7 −0.36+0.11
−0.10 117.0/117 +202.5 186.7 ± 2.4 1122 ± 26

32 24.3+4.3
−3.4 8.5+0.4

−0.4 309.3/237 18.4+3.0
−2.8 34.1+2.7

−2.4 247.5/237 0.37+0.26
−0.15 34.2+2.7

−2.7 −0.96+0.24
−0.23 247.5/236 +61.8 21.4 +/ 0.7 92.6 ± 5.1

33 9.8+3.6
−2.4 9.5+0.8

−0.8 246.9/241 19.1+4.4
−4.0 44.7+7.2

−5.9 218.1/241 0.08+0.09
−0.04 45.6+10.8

−8.6 −1.38+0.35
−0.0 217.0/240 +28.8 8.4 ± 0.5 42.5 ± 3.5

34 54.0+8.1
−6.8 7.9+0.3

−0.3 251.0/237 22.0+3.9
−3.5 29.0+2.0

−1.8 216.1/237 1.54+2.33
−0.63 30.5+2.1

−2.1 −0.63+0.40
−0.25 213.7/236 +34.9 23.3 ± 0.7 149 ± 7

35 41.1+4.8
−4.0 8.5+0.2

−0.2 332.9/241 28.2+3.1
−2.9 31.8+1.5

−1.5 217.5/241 0.97+0.45
−0.30 32.6+1.5

−1.6 −0.82+0.17
−0.17 216.2/240 +115.4 45.5 ± 1.0 258 ± 9

36 60.2+5.8
−5.1 9.7+0.2

−0.2 295.0/240 77.6+7.4
−7.0 35.4+1.7

−1.6 213.4/240 3.7+1.8
−1.1 37.1+1.4

−1.4 −0.50+0.18
−0.17 204.6/239 +81.6 37.7 ± 0.8 364 ± 10

37 5.3+1.6
−1.1 9.3+0.6

−0.6 331.0/237 9.5+1.7
−1.5 44.5+5.4

−4.6 280.6/237 0.03+0.02
−0.01 45.2+8.8

−7.8 −1.49+0.25
−0.0 277.2/236 +51.0 22.7 ± 1.0 64.7 ± 4.6
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Figure 5. Distribution of the T90 (left panel) and T50 (right panel) CTTE durations fitted with log-normal functions. The means/standard deviations of the T90 and T50
distributions are 2.22 ± 0.02 (= 165 ± 8 ms)/0.28 ± 0.02 and 1.72 ± 0.04 (= 52 ± 5 ms)/0.24 ± 0.03, respectively. The normal mean values of both distributions
are 278 ms and 138 ms, respectively.

(A color version of this figure is available in the online journal.)

periodogram (mhAoV) of Schwarzenberg-Czerny (1996), and
the method introduced by Vaughan (2005). After correcting for
the number of trials, no significant frequency was found in either
of the data sets.

An intriguing finding was in the burst arrival times, namely
the time separation between bursts. Starting from the first event,
8 out of 16 bursts occur with a time separation in multiples of
10 ± 0.5 s. It is established observationally that SGR bursts
occur randomly distributed in rotational phase (Mereghetti
2008). We performed a simple Monte Carlo simulation to
test the significance of this result. Our simulations showed
that the observed burst interval corresponds to a single-trial
probability of P = 6.1 × 10−5, i.e., a significance of ∼4σ . It
is hard to accurately quantify a number of trials a posteriori.
Considering the fact that there are various SGR/AXP sources,
with several multiple prolific bursting episodes, the probability
will be in general smaller. Since the January emission was
heavily concentrated in a 24 hr period with a very large number
of bursts, we have not performed a detailed search for the 10 s
period during this epoch. Only future observations will reveal
whether this periodicity is indeed real and related specifically to
SGR J1550−5418, or simply an observational artifact.

3.4. Spectral Analysis

We fit all bursts in Table 1 with the following models, which
are known to best approximate SGR spectra: a simple PL
function, a PL function with an exponential high-energy cutoff
(Compt), a BB and an optically thin thermal bremsstrahlung
(OTTB) spectrum, and a combined BB + BB model. We used
the RMFIT (4.0rc01) spectral analysis software developed for
the GBM data analysis. Table 2 lists the parameters of all single
models (with the exception of the PL model) for both activity
periods.

Combining all our fit results we find that the 2008 October
burst spectra are best fitted with a single BB model. This is
corroborated by the fact that the brightest burst observed during
that period (burst 20 of Table 1) as well as a stacked spectrum
derived from all bursts observed during the TTE data period
of the bn081003.377 trigger (burst 1–10 of Table 1) are best

fitted by the BB model as compared to fits with the OTTB and
PL models. The BB and OTTB fits to the stacked spectrum are
shown in Figure 6. We note that the residuals of the OTTB fit
show a systematic wiggle, causing a ΔC-stat between the two
models of ∼165. The same deviations were observed for burst
20, this time with a ΔC-stat of ∼40. A fit with the Compt model
yields in both cases a C-stat comparable to the value obtained
for the BB fit, but the Compt model has one degree of freedom
(DOF) less. For most of the bursts during the 2008 October
period, the ΔC-stat for the BB model was >6 with the exception
of some weak bursts, which were also well fitted by an OTTB
or PL model. A fit with a normal function to the distribution of
single BB temperature kT yields a mean value of 12.4 ± 0.2 keV
(width 0.9 ± 0.1 keV). The preference for a single BB model
as best-fit model was also reported by Israel et al. (2010) for
bursts observed during 2008 October with Swift-BAT in the
15–100 keV energy range. These bursts are all well described
by a single BB function with temperatures ∼10 keV.

We also tried to fit the 2008 October bursts, even though
they are faint, with the combined two BB functions, since
Lin et al. (2012) reported that broadband (0.5–200 keV) Swift-
XRT/GBM spectral fits show, on average, that the burst spectra
are better described with the two BB functions than with the
Comptonized model. As was expected, these fits were not
able to constrain simultaneously the parameters of both BB
components, even when fixing the ratio of the fluence in the two
BB components, so that the hot component has twice the flux
of the cold component, which is the mean ratio with relatively
modest scatter that is found in Lin et al. (2012).

In contrast, the bursts from the 2009 March–April period are
best fitted in almost all cases by an OTTB model. In order to
investigate whether this difference is connected with the burst
brightness difference between the two periods, we selected a
burst with comparable brightness from each period, as shown
in the rightmost panels of Figure 3, the brightest of the 2008
October activity period, already presented above (burst 20 of
Table 1), as well as a burst among the fainter ones of the
2009 period (burst 25 of Table 1). The results of the BB,
OTTB and Comp model fits for burst 25 are listed in Table 2,
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Figure 6. Stacked spectra of bn0810030.377. Left: BB fit; right: OTTB fit.

(A color version of this figure is available in the online journal.)
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Figure 7. Spectra of bn090326.625. Left: BB fit; right: OTTB fit.

(A color version of this figure is available in the online journal.)

showing indeed that the OTTB is the preferred model, with
an improvement in C-stat of >30. The BB and OTTB spectral
fits are shown in Figure 7. Finally, the spectral analysis of the
bursts with comparable flux values (∼50 photons cm−2 s−1) and
fluences (∼13 × 10−8 erg cm−2) yielded significant differences
of ΔC-stat >30 for the best-fit models, leading us to the
conclusion that this difference in spectral shape is intrinsic,
and probably caused by a change in the burst emission process
during the two periods.

We would like to point out that the Compt and BB+BB models
fit the burst spectra of this activity period equally well, with
the exception of some events where fit parameters remained
unconstrained. Using the successful BB+BB fit results, we
obtain a mean value for the cool BB temperatures of 5.1 ± 0.1
keV (width 0.6 ± 0.1 keV), and for the hot BB temperatures
of 14.7 ± 0.2 keV (width 0.9 ± 0.1 keV). Only in the case of
the second brightest burst 31 was the best-fit model the Compt
model, with a ΔC-stat of ∼40; compared to an OTTB fit, the
BB+BB model in this case did fit equally well. This result is

not conclusive, since the spectral slope of bright bursts could be
affected by pulse pile-up effects as already pointed out in van der
Horst et al. (2012). The spectral analysis of the brightest burst 24
was performed by excluding the saturated parts; nevertheless,
none of the models, including the combined ones, provided a
reasonable fit. Most probably, the whole emission period was
affected by pulse pile-up and saturation effects.

To identify the model that best describes the SGR J1550−5418
burst data, we performed simulations similar to van der Horst
et al. (2012) with RMFIT (4.0rc01). We selected the two bursts
with similar brightness from the October and March–April pe-
riods, bursts 20 and 25, respectively. For each detector and each
event, a set of 10,000 synthetic spectra was created. The back-
ground counts of these spectra are estimated from the real data
whereas the source counts are computed from the function which
was used to fit the real data folded with the detector response
matrix (DRM). Poissonian noise was added to the sum of the
source and background counts. During the fit process a syn-
thetic background spectrum, with added Poisson fluctuations to
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each energy channel, was subtracted from the synthetic burst
spectrum.

For burst 20 a set of 10,000 synthetic spectra was created with
the OTTB function and its best parameters from the fit to the real
data were used as the null hypothesis. The 10,000 spectra were
then fitted with both the OTTB and a single BB function. The
distribution of the difference in C-stat (ΔC-stat) was then com-
pared to the ΔC-stat obtained from the real burst data, which is
ΔC-statOTTB-BB = 42. There is not a single synthetic burst which
exceeds this difference. In fact, the highest ΔC-statmax = 6.3.
Subsequently, we conclude that statistical fluctuations cannot
account for the difference in the statistic between OTTB and
BB. Therefore, the null hypothesis is rejected (P < 10−4) and
we conclude that the BB function is the preferred model for this
emission epoch.

The same line of reasoning was applied to the 2009 March
event. However, contrary to the burst above, this time the BB
was taken as the null hypothesis, i.e., 10,000 synthetic spectra
were created using the BB model and its best-fit parameters
from the real data as input model. For burst 25, we observe
ΔC-statBB-OTTB = 36 in the real data. However, the maximum
value of the simulated C-stat distribution is 10. Similarly to
what is observed above, we conclude that statistical fluctuations
cannot account for the difference in C-stat and therefore we find
the OTTB function to be the preferred model for this event.

4. DISCUSSION

Our main new finding in this work is that the observed
GBM spectrum of the bursts in the energy range 8–200 keV
has changed from being BB-like in the 2008 October active
period to a broader, steeper OTTB-like form with less curvature
during the 2009 March activity episode (see Table 2). In
particular, the photon index below the peak, λ, that is defined
through dN/dE ∝ Eλ has changed from λ ∼ 1 during 2008
October to λ ∼ −1 during 2009 March. In this context, it is
interesting to note that during the most active bursting period
of SGR J1550−5418, in 2009 January, the GBM burst spectra
were typically not well fitted by a single BB spectrum, but
were instead equally well fitted by an OTTB, Comptonized or
BB+BB spectrum (van der Horst et al. 2012). When including
also Swift-XRT data in the spectral fit of those 2009 January
bursts for which these were available, however, a BB+BB
spectrum is usually preferred (Lin et al. 2012) in which the
cool BB component has a factor of ∼2 or so smaller fluence
than the hot BB component (interestingly enough, when fitted
to a Comptonized spectrum, the implied values of λ typically
ranged between ∼−1 and ∼0). The 2008 October bursts are
those best fitted by a BB component of temperature ∼11–14 keV
and effective area ∼0.2–2 km2, which are similar to the hot BB
component found for the 2009 January bursts. It is possible that
a cool BB component could potentially still be present in the
2008 October bursts. If we assume a cool BB to hot BB flux
ratio similar to that of the 2009 January bursts, then in order
to avoid clear detection in the GBM spectra presented here the
cool BB temperature typically needs to be below a few keV,
which would correspond to an effective area of �103 km2. In
this scenario, both the hot and cold BB components in the 2008
October bursts would be near the cool end of the corresponding
components from the BB+BB spectral fits for the 2009 January
bursts.

The differences between the spectroscopy of the bursts
studied here and of the bursts in 2009 January clearly indicate
evolutionary patterns on the timescale of a few months or

so. This behavior might arise, for example, from a change
in the details of the energy release or containment between
different episodes. The rather small effective areas we obtain
for the BB spectrum (∼0.2–2 km2) imply a small emission
region, which is therefore probably close to the neutron star
surface. Such a proximity to the surface would therefore tend
to result in a relatively high effective opacity, due to large
plasma densities. The opacity is mainly controlled by the
scattering cross section of the ordinary or O-mode photons
being near the Thomson value. O-mode photons are those
where the photon electric field vector lies in the plane defined
by their momenta k and the local magnetic field. Photons in
the extraordinary polarization mode (or E-mode, where the
photon electric field vector is normal to the local k–B plane)
experience a dramatically reduced scattering cross section
that is suppressed because the photon energy is typically
far below the cyclotron energy (e.g., Herold 1979). These
E-mode photons contribute little to the overall opacity which,
being high, results in a local quasi-thermodynamic equilibrium
(i.e., LTE) that should drive the spectrum toward a BB or a
BB+BB form.

Radiative transfer effects in a strong magnetic field (B �
BQED) can cause a deviation from a pure BB spectrum (e.g.,
see Ulmer 1994; Lyubarsky et al. 2002) due to the increase in
E-mode opacity with photon energy that enables lower energy
(E-mode) photons to escape from a larger depth within the
emission region, where the temperature (that is established by
the O-mode photons) is higher, thus resulting in a softer than
thermal spectral slope below the peak, where dN/dE ∝ Eλ

with λ ∼ 0. Somewhat harder low-energy spectral slopes might
still be possible, e.g., due to resonant ion cyclotron absorption,
which should be sensitive to the local value of the magnetic
field. In order for such an absorption to reach sufficiently high
photon energies, a rather high local value of the magnetic
field is required in the emission region (�1015 G), which for
SGR J1550−5418 is in excess of the surface dipole magnetic
field strength (of ∼2.2 × 1014 G) inferred from its P Ṗ . Thus,
this naturally suggests higher multipoles (e.g., Thompson et al.
2002). A strong local magnetic field from quadrupole and
higher multipole configurations could effectively confine the hot
emitting plasma to relatively small closed magnetic flux tubes
near the stellar surface. This is consistent with the small effective
areas inferred from our spectroscopic analysis.14 Thus, the
spectral slope below the peak energy might be related to the local
field strength and topology near the magnetic dissipation region
that gives rise to the bursting episode. This might potentially
be the factor that is common to different bursts within the same
active period, but varies between different activity episodes, i.e.,
field topology evolves significantly on timescales of a month or
so. It is also possible that the trigger from the crustal regions may
relocate to different colatitudes during this evolution, thereby
precipitating a sampling of disparate field topologies within the
magnetospheric dissipation zones involved.

The broader OTTB-like spectra of the 2009 March bursts
might reflect a Comptonized spectrum from an emitting re-
gion with a modest optical depth. As discussed, e.g., in Lin
et al. (2011, 2012; Rybicki & Lightman 1979), the sim-
plest form of such a model yields λ = 1/2 − √

9/4 + 4/yB

where yB = 4kTe/(mec
2) max[τB, τ 2

B ] is the magnetic Compton

14 Some hint for the presence of higher multipoles might be found in the
irregular shape of the pulse profiles of SGR J1550−5418, which change as a
function of energy and time (e.g., Kaneko et al. 2010; Lin et al. 2012), but this
is by no means conclusive.
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y-parameter, max[τB, τ 2
B ] is the mean number of scatterings per

photon by the hot electrons, and τB is the effective optical depth
for scattering that in our case is significantly modified by the
strong magnetic field (and is thus dubbed the magnetic optical
depth). For SGR J1550−5418, the inferred peak energies for
the 2009 March bursts, typically Epeak ∼ 30–45 keV, suggest
4kTe/(mec

2) ∼ 0.23–0.35, which would imply λ ∼ −0.8 and
∼−0.95 for τB ∼ 5 and ∼10, respectively.15 Thus, such modest
values of τB would result in yB � 1 so that λ approaches the
value of −1, approximately coinciding with the lower energies
of the inferred OTTB-like spectrum of the 2009 March bursts.
Much larger optical depths would result in saturated Comp-
tonization or true thermalization, and a spectrum closer to a
BB, though still generally different from a BB as mentioned
above. Moreover, the 2009 March bursts are equally well fitted
by a BB+BB spectrum, so that in principal it is possible that the
underlying spectra during all three bursting periods discussed
above (2008 October, 2009 January, and 2009 March) are in fact
BB+BB or multi-BB, which was discussed in detail in van der
Horst et al. (2012).

Different bursts within the same activity period may exhibit a
relationship between the spectrum and the timing of the bursts.
A given active period might be triggered by the yielding of
the crust to magnetic stresses at a particular location on the
neutron star. The magnetic field structure in that region could
affect the details of the energy release and confinement of the
hot plasma that is produced, and thereby influence the resulting
spectrum of the bursts. If the emitting region is small and near
the surface then it might be obscured during certain rotational
phases (since the burst duration is smaller than the rotational
period), hence resulting in a non-uniform distribution of bursts
with the rotational phase, as was found by Lin et al. (2012). If
the bursts indeed span a reasonable range of rotational phases,
then it is likely that they sample substantially different viewing
angles with respect to the well-localized emission region. This
would then suggest that the viewing angle is not the dominant
factor in determining the overall spectral shape.
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