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Scale-invariance in soft gamma repeaters
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Abstract: The statistical properties of the soft gamma repeater SGR J1550-5418 are investigated carefully. We find

that the cumulative distributions of fluence, peak flux and duration can be well fitted by a bent power law, while the

cumulative distribution of waiting time follows a simple power law. In particular, the probability density functions

of fluctuations of fluence, peak flux, and duration have a sharp peak and fat tails, which can be well fitted by a

g-Gaussian function. The g values keep approximately steady for different scale intervals, indicating a scale-invariant

structure of soft gamma repeaters. Those results support that the origin of soft gamma repeaters is crustquakes of

neutron stars with extremely strong magnetic fields.
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1 Introduction

Soft gamma repeaters (SGRs) are high energy tran-
sients with persistent emissions of hard X-ray and soft -
ray bursts. In 1979, a series of short and soft gamma-ray
bursts from SGR 1806-20 were detected by the instru-
ments aboard the Venera spacecraft [1, 2]. This was the
first observation of SGRs. Since then, several SGRs have
been discovered. When SGRs are quiescent, no burst is
observed for many months or years. During this time,
SGRs are likely to emit weak bursts below the thresh-
olds of detectors. In their active periods, tens or hun-
dreds of bursts are emitted, with quite a soft spectrum
compared to gamma-ray bursts (GRBs) [3]. Typically,
the duration of a burst is about 100 ms and the waiting
time (the time interval between two successive bursts)
ranges from seconds to years [4]. The high energy spec-
tra (E > 25 keV) of SGRs can be well fitted with an opti-
cally thin thermal bremsstrahlung (OTTB) model with
temperature 20 — 40 keV [5, 6]. However, this model
fails to fit the lower energy spectra. The bursts have
peak luminosity up to ~ 10* ergs™ and the observed
fluences span the range from 107'° to 10™* erg-cm™2
[7]. The spin periods of SGRs are in the range 2 — 12
s, and increase with relatively large periods derivative
(~ 10713 =107 s s7!). The rotational energy loss is
not, energetic enough to contribute to the total energy
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output. A widely accepted model for SGRs is the mag-
netar, that is, an isolated neutron star with extremely
strong dipole magnetic fields of ~ 10'*—10"® G powers the
repetitive gamma-ray bursts and persistent X-ray emis-
sions [8-11]. Another class of magnetar candidates are
anomalous X-ray pulsars (AXPs), which share similar
properties with SGRs in terms of their persistent X-ray
emissions and SGR-like bursts [3, 12, 13].

SGR J1550-5418 was discovered by the Einstein X-
ray satellite and was originally named 1E 1547.0-5408
[14]. Tt was confirmed in the galactic plane survey in
the Advanced Satellite for Cosmology and Astrophysics
[15]. Subsequent observations by XMM-Newton and the
Chandra X-Ray Observatory identified the source as a
magnetar candidate [16]. Finally, radio observations pro-
vided crucial evidence to confirm the magnetar nature of
the source. The surface magnetic dipole field of 2.2x 10
G has been estimated from its observed spin period of
2.07 s and period derivative of 2.32x107** s s7* [17]. Due
to the lack of bursting behavior, SGR J1550-5418 was
initially classified as an AXP [17]. In 2008 the source
began its burst-active episodes and hundreds of bursts
have been observed by several instruments, including the
Swift Burst Alert Telescope (BAT) and Fermi Gamma-
ray Burst Monitor (GBM) [18-22]. The source shares
SGR-like behavior with SGRs 1806-20, 1900+14 and
1627-41. Therefore, it was reclassified as a SGR and
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renamed SGR J1550-5418 [23, 24]. The source went
through its three active episodes over half a year: the first
in 2008 October, the second in 2009 January—February,
and the last in 2009 March—April. In each active episode,
17, 352 and 15 bursts were observed by Fermi/GBM, re-
spectively [25]. Von Kienlin et al. [20] performed tempo-
ral and spectral analysis for bursts from the first and last
active episodes, and van der Horst et al. [21] studied the
second episode. Their results showed that the spectra
of the first episode are best fitted with a single black-
body (BB) model, and the last episode with an optically
thin thermal bremsstrahlung (OTTB) model. The spec-
tra of the second episode are equally well fitted by an
OTTB model, a Comptonized (COMP) model and two
BB (BB+BB) model. Collazzi et al. [25] provided the
durations, spectral parameters, fluences, and peak fluxes
for all the bursts of SGR J1550-5418.

One of the interesting properties of SGRs is the
earthquake-like behavior, which implies that SGRs are
likely to be self-organized criticality (SOC) systems.
Cheng et al. [26] compared the statistical properties of
the 111 bursts of SGR 1806—20 observed during 1979-—
1984 with the International Cometary Explorer (ICE)
satellite and earthquakes. They found that the cu-
mulative energy distribution of bursts is well fitted by
a power law with an index v = 1.66, similar to the
well-known earthquake Gutenberg—Richter power law
with an index 7 = 1.6. Besides, bursts and earth-
quakes both have log-symmetric waiting time distribu-
tions. Prieskorn and Kaaret [27] studied the fluence
distribution of over 3400 bursts from SGR 1806—20 and
over 1963 bursts from SGR 1900414 using the complete
set of observations through 2011 March from the Pro-
portional Counter Array (PCA) onboard the Rossi X-
Ray Timing Explorer (RXTE), and showed that the cu-
mulative event distribution can be fitted with a power
law. Gogiig et al. [28, 29] studied the statistical proper-
ties of SGR 1900414 and SGR 1806-20. SGR 1900+14
includes 187 bursts detected by the Burst and Tran-
sient Source Experiment (BATSE) aboard the Compton
Gamma-Ray Observatory (CGRO), and 837 bursts de-
tected by RXTE/PCA. SGR 180620 includes 290 bursts
detected with RXTE/PCA, 111 bursts detected with
CGRO/BATSE and 134 bursts detected with ICE. They
showed that SGR 1900414 and SGR 1806-20 shared
earthquake-like statistical properties in terms of the dis-
tributions of fluence and waiting time, consistent with
the results of Cheng et al. [26]. The earthquake-like
behavior is a manifestation of SOC, supporting the idea
that the energy origin of SGRs is starquakes of magne-
tars [8, 12]. Wang and Yu [30] found the cumulative
distributions of peak flux, fluence and duration of a re-
peating fast radio burst (FRB) show power law forms
and proposed that FRBs may also be SOC events.

It was proposed that another SOC behavior of earth-
quakes is the scale-invariant structure of the energy fluc-
tuations [31]. The probability density functions (PDF's)
of earthquake energy fluctuations at different times have
fat tails with a ¢-Gaussian form [32]. Wang et al. [31]
showed that PDFs of energy fluctuations E;,, — F; have
a common function form at different scale intervals, i.e.,
the ¢ values are approximately equal for different n,
which means that there is a scale-invariant structure in
the energy fluctuations of earthquakes. It was also pro-
posed that earthquakes of two faulting styles, i.e. the
thrust and the normal, could be well explained by the
Olami-Feder-Christensen (OFC) model, which is one of
the most popular models of SOC.

An interesting question is whether SGRs share the
same scale-invariant structure as earthquakes. In this pa-
per, we study, as an example, the statistical properties of
SGR J1550-5418. We calculate the cumulative distribu-
tions of the fluence, peak flux, duration, and waiting time
in Section 2. In Section 3, for the first time, we calculate
the probability distribution functions of fluctuations of
these quantities. Finally, discussions and conclusions are
given in Section 4.

2 Statistical properties of SGR J1550—
5418

In the five-year Fermi/GBM magnetar burst catalog
[25], a total of 384 bursts were observed in SGR J1550-
5418, among which 354 bursts have measured fluence,
344 bursts have 4 ms peak flux, 382 bursts have dura-
tion, and 376 bursts have waiting time. All of the bursts
were observed in the three active episodes in 2008—2009.
The duration is characterized by Ty, which is defined
by the time that the cumulative counts rise from 5% to
95%. The waiting time is evaluated by the difference
of Tyo-starts of successive bursts. As SGR J1550-5418
consists of three isolated epochs, we discard the wait-
ing time between the last burst of the first epoch and
the first burst of the second epoch, and between the last
burst of the second epoch and the first burst of the third
epoch. Figure 1 shows the cumulative distribution of flu-
ence, peak flux, duration and waiting time. The data is
binned based on the Freedman-Diaconis rule [33]. The
central value and 1o error are evaluated by the average
and the standard deviation of data points in each bin,
respectively.

We first try to fit the cumulative distributions of flu-
ence, peak flux, duration and waiting time with a simple
power law,

N(>z)=Az"+B. (1)

We adopt the nonlinear least square fitting method to fit
the binned data. The chi-squared is given by
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The cumulative distributions of fluence (upper left panel), peak flux (upper right panel), duration (lower left

panel) and waiting time (lower right panel). The solid lines are the best-fit results to bent power law (fluence, peak
flux and duration) and simple power law (waiting time). The best-fit indices are ap =1.36+£0.03, ap = 1.42+0.06,

ap =2.044+0.10, and aw = —0.12£0.04, respectively.

=3 SN~ NP, )
where (x;,N;) are the data points, o; are the 1o errors
of data points. The best-fit parameters are derived us-
ing the Levenberg-Marquardt algorithm [34, 35]. How-
ever, we find that the cumulative distributions of fluence,
peak flux and duration do not fit the simple power law
well. The data points show an obvious excess at the
right-hand end. Only the waiting time can be well fit-
ted with Eq. (1), as shown in the lower right-hand panel
of Fig. 1. The best-fit parameter a of waiting time is
aw =—0.12+0.04. We then use a bent power law

aq—1
N(>w):A[1+(£) ] (3)
Ly
to fit the cumulative distributions of fluence, peak flux
and duration. The bent power law has a break at around
Ty, below which the slope is approximately a constant,
and above which it behaves as a simple power law. The
bent power law was used to fit the power density spectra
of gamma-ray bursts [36]. As shown in Figure 1, the cu-
mulative distributions of fluence, peak flux and duration

are well fitted with the bent power law. The best-fit pa-
rameters and the reduced chi-squared 2, are listed in
Table 1.

Table 1. The best-fit power law indices a of the
cumulative distributions of fluence, peak flux, du-
ration and waiting time. Waiting time is fitted
with the simple power law, while the remaining
three parameters are fitted with the bent power

law.
paramctcrs V&IHCS X?ed
ap 1.36+£0.03 0.23
ap 1.424+0.06 0.67
ap 2.04+0.10 0.65
aw —0.12+0.04 1.48

3 Probability density functions of fluctu-
ations

The fluence fluctuation of SGRs is defined as Z,, =
Fiy, — F;, where F; is the fluence of the ith burst in
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temporal order, and the integer n denotes the temporal
interval scale. Usually, Z, is rescaled by the standard
deviation of Z,, i.e. z,=Z,/o, where o =std(Z,). The
fluctuations of peak flux, duration and waiting time are
defined in a similar way. Figure 2 shows the PDFs of
fluctuations of fluence, peak flux, duration and waiting
time for n=1, 10 and 100. The data are binned based on
the Freedman-Diaconis rule.

From Fig. 2, we can see that P(z,) exhibits a sharp
peak and fat tails like a Gaussian distribution, but the
peak is much sharper than a Gaussian distribution. The
fat tails mean that there are rare but large fluctuations,
while the sharp peak means that small fluctuations are
most likely to happen. The data points in Fig. 2 are
almost independent of n, indicating a common form of
distribution. We use the ¢-Gaussian function

f@)=all—B(1—q)z?] ™ (4)

to fit P(z,), where «, 8 and ¢ are free parameters. The
parameter g denotes the deviation from a Gaussian dis-
tribution. The g¢-Gaussian distribution is a generaliza-
tion of the Gaussian distribution and it reduces to a
Gaussian distribution when ¢ — 1. The ¢-Gaussian dis-
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tribution exhibits heavy tails compared to a Gaussian
distribution. In Fig. 2, the red, green and blue solid
curves stand for the best-fit results for n=1, 10 and 100,
respectively. The three curves are approximately super-
imposed near the peaks, and have some difference in the
tails.

We use the nonlinear least squares fitting method to
constrain the ¢ values. The best-fit parameters are listed
in Table 2. The PDFs of fluctuations of fluence, peak flux
and duration are well fitted with the g-Gaussian func-
tion, except for a few points at the fat tails. However,
the g-Gaussian fit to waiting time shows that the g-values
approach 1 regardless of n, implying that the fluctuation
of waiting time is actually a Gaussian distribution.

Table 2. The best-fit ¢ values in the g-Gaussian
distribution for n =1, 10 and 100.

parameters n=1 n=10 n =100
g-fluence 2.84+0.10 2.64+0.10 1.904+0.25
g-peak flux 2.8240.10 2.14+0.16 2.71+0.14
g-duration 2.27+0.14 1.9440.16 1.9240.26
g-waiting time ~1.00 ~1.00 ~1.00
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(color online) The PDF's of fluctuations of fluence (upper left panel), peak flux (upper right panel), duration

(lower left panel) and waiting time (lower right panel) for n =1 (red crosses), n =10 (green circles) and n = 100
(blue triangles). The solid lines are the best fits to a ¢g-Gaussian distribution.

065104-4



Chinese Physics C  Vol. 41, No. 6 (2017) 065104

Furthermore, we calculate the PDFs of fluctuation of
fluence, peak flux and duration at different scale intervals
1 <n <100, and fit the PDFs with the ¢-Gaussian func-
tion. We find that the ¢ values are approximately steady
and independent of n, see Fig. 3. For the fluence, the ¢
values are in the range of 1.50—3.20, with a mean value of
2.41. For peak flux and duration, the mean ¢ values are
2.40 and 2.06, respectively. We also use the g-Gaussian
function to fit the PDF's of fluctuation of waiting at scale
intervals 1 <n < 100, and find that the best-fit ¢ values
all approach ~ 1.00. This means that waiting time has
different behaviour.
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Fig. 3. (color online) The best-fit ¢ values in the
q-Gaussian distribution for 1 <n < 100.
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Fig. 4. (color online) The PDFs of fluctuations of
mock fluence drawn from a Gaussian distribution
for n=1 (red crosses), n =10 (green circles) and
n =100 (blue triangles). The solid lines are the
best fits to a ¢-Gaussian distribution with ¢ ~ 1
(i.e., Gaussian distribution). The solid lines for
n=1, 10 and 100 almost overlap.

To investigate whether the PDF of fluctuations in a
g-Gaussian form can be generated from purely random
bursts, we simulate 4000 bursts with fluence drawn from
a Gaussian distribution with center F, = 100 and width
of Fy/4. We calculate the fluctuations Z,, in temporal
order for n= 1, 10 and 100, rescale Z, to z, and bin
the data using the Freedman-Diaconis rule. The P(z,)

of z, is shown in Fig. 4. We fit the mock data with
a ¢-Gaussian function, and find the mock data is well
fitted with ¢ = 1 for n= 1, 10 and 100, which means
that the PDF of fluctuations of the mock data follow
a Gaussian distribution, as we expected. The P(z,) in
Fig. 4 exhibits a smooth peak and steep tails compared
to those in Fig. 2. For n= 1, 10 and 100, the best-
fit curves nearly overlap, indicating a common Gaussian
distribution. Moreover, we fit the g value at different
scale intervals 1 <n < 100, and find that the ¢ values are
approximately steady with a mean of 1.03 in the range of
1.00-1.20, see Fig. 5. This indicates that the fluctuation
of mock data has a scale-invariant Gaussian distribution.
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Fig. 5. The best-fit ¢ values of mock fluence in the

g-Gaussian distribution for 1 < n < 100.

4 Discussion and conclusions

It was proposed that there is a scale-invariant struc-
ture in the energy fluctuations of earthquakes [31]. The
PDFs of earthquake energy fluctuations are well fitted
with a g-Gaussian function, and the ¢ values are ap-
proximately equal at different time scales. In this paper,
we investigated 384 bursts in the three active episodes
of SGR J1550-5418 and found that the SGR shows
similar behavior to earthquakes. The PDF's of fluence
fluctuations were well fitted with a ¢-Gaussian function
and the ¢ values keep approximately steady for different
time scales. The earthquake-like behavior indicates that
SGRs are likely to be SOC systems and supports the idea
that the energy origin of SGRs is the starquakes of mag-
netars. The energy can be powered by the strain of solid
crusts and strong magnetic fields of neutron stars. Be-
sides, we showed that peak flux and duration share sim-
ilar statistical properties with fluence, i.e. their PDFs of
fluctuations also exhibit ¢-Gaussian distributions. How-
ever, the fluctuation of waiting time shows different be-
havior. The time gap between the three active episodes
of SGR J1550-5418 and the discontinuous observations
of the Fermi satellite may explain the different behav-
ior of the waiting time. Monte Carlo simulations show
that g-Gaussian fluctuations could not arise from pure
random bursts.

In summary, we have investigated the statistical
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properties of SGR J1550-5418. The cumulative dis-
tributions of fluence, peak flux and duration can be well
fitted by a bent power law, and the PDFs of fluctuations
of fluence, peak flux and duration can be well fitted by
a ¢g-Gaussian function. However, the waiting time shows
different properties, which may be caused by the discon-
tinuous observations of the Fermi satellite. The PDFs
exhibit a common functional form for different scale in-
tervals, indicating a scale-invariant structure of SGRs.
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