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ABSTRACT

The recent discovery of a Galactic fast radio burst (FRB) associated with a hard X-ray burst from the soft

gamma-ray repeater (SGR) J1935+2154 has established the magnetar origin of at least some FRBs. In this

work, we study the statistical properties of soft gamma-/hard X-ray bursts from SGRs 1806–20 and J1935+2154

and of radio bursts from the repeating FRB 121102. For SGRs, we show that the probability density functions

for the differences of fluences, fluxes, and durations at different times have fat tails with a q-Gaussian form.

The q values in the q-Gaussian distributions are approximately steady and independent of the temporal interval

scale adopted, implying a scale-invariant structure of SGRs. These features indicate that SGR bursts may be

governed by a self-organizing criticality (SOC) process, confirming previous findings. Very recently, 1652

independent bursts from FRB 121102 have been detected by the Five-hundred-meter Aperture Spherical radio

Telescope (FAST). Here we also investigate the scale-invariant structure of FRB 121102 based on the latest

observations of FAST, and show that FRB 121102 and SGRs share similar statistical properties. Given the

bimodal energy distribution of FRB 121102 bursts, we separately explore the scale-invariant behaviors of low-

and high-energy bursts of FRB 121102. We find that the q values of low- and high-energy bursts are different,

which further strengthens the evidence of the bimodality of the energy distribution. Scale invariance in both the

high-energy component of FRB 121102 and SGRs can be well explained within the same physical framework

of fractal-diffusive SOC systems.
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1. INTRODUCTION

Self-organized criticality (SOC; Katz 1986; Bak et al.

1987; Aschwanden et al. 2016) has been found in dynam-

ical behaviors of astrophysics systems. We here examine

two types of transient phenomena, namely, soft gamma-ray

repeaters (SGRs) and fast radio bursts (FRBs), which have

been shown to be associated with each other in at least one

case (Zhang 2020).

Magnetars are highly magnetized neutron stars that ex-

hibit dramatic variability over a broad range of timescales

(Duncan & Thompson 1992; Kouveliotou et al. 1998, see

also Turolla et al. 2015; Kaspi & Beloborodov 2017 for re-

views). Many magnetars were first observed as SGRs, i.e.,

sources of repeated bursts of soft gamma-/hard X-rays, with

typical durations of ∼ 0.1 − 1 s and peak luminosities of

∼ 1039
− 1041 erg s−1. Three several-minute-long giant flares

with peak luminosities up to ∼ 1044
− 1047 erg s−1 have also

been observed from three different SGRs (Mazets et al. 1979;

Hurley et al. 1999; Palmer et al. 2005). Both bursts and flares

are believed to be powered by the dissipation and decay of

the ultrastrong magnetic fields, either through neutron star

crustquakes (Thompson & Duncan 1995) or magnetic recon-

nection (Lyutikov 2003).

Several works have found that the energy distribution

of SGR bursts can be well fitted by a power-law func-

tion (e.g., Cheng et al. 1996; Göǧüş et al. 1999, 2000;

Prieskorn & Kaaret 2012; Cheng et al. 2020). Power-law

size distributions of extreme events can be explained by the

concept of SOC in slowly driven nonlinear dissipative sys-

tems (Bak et al. 1987; Aschwanden et al. 2016). The SOC

subsystems will self-organize, owing to some driving force,

to a critical state, at which a small local disturbance can pro-

duce an avalanche-like chain reaction of any size within the

system (Bak et al. 1987). The fundamental property of all

SOC systems have in common is the emergence of scale-

free power-law size distributions (Aschwanden 2011, 2012,

http://arxiv.org/abs/2107.12605v2
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2015; Wang & Dai 2013; Lyu et al. 2020, 2021). Given the

earthquake-like power-law energy distributions, Göǧüş et al.

(1999) suggested, for the first time, that systems responsi-

ble for SGR bursts are in a SOC state. The earthquake-like

behavior also suggests that the energies of SGRs originate

from starquakes of magnetars (Duncan & Thompson 1992;

Thompson & Duncan 1995).

Besides the power-law size distribution, another hallmark

of SOC systems is the scale invariance of the avalanche

size differences (Caruso et al. 2007; Wang et al. 2015).

Caruso et al. (2007) showed that the probability density func-

tions (PDFs) for the earthquake energy differences at differ-

ent times have fat tails with a q-Gaussian form, which could

be well explained by introducing a small-world topology

on the Olami-Feder-Christensen (OFC) model (Olami et al.

1992). In physics, the OFC model is one of the most pop-

ular models displaying SOC. The q-Gaussian distribution

was then suggested as an important character for describing

the presence of criticality (Caruso et al. 2007). Moreover,

the form of the PDF does not depend on the time inter-

val adopted for the earthquake energy difference, i.e., the

q values in q-Gaussian distributions keep nearly constant

for different scale intervals, which indicates that there is a

scale-invariant structure in the energy differences of earth-

quakes (Caruso et al. 2007; Wang et al. 2015). Subsequently,

Chang et al. (2017) studied 384 X-ray bursts observed in

three active episodes of SGR J1550–5418 and found that this

SGR shows similar scale-invariant behaviors, i.e., the PDFs

of the differences of fluences, peak fluxes, and durations

exhibit a common q-Gaussian distribution at different scale

intervals.

FRBs are intense millisecond-duration bursts of ra-

dio waves occurring in the universe (Lorimer et al. 2007;

Petroff et al. 2019; Cordes & Chatterjee 2019). So far, more

than 600 FRBs have been reported, and over two dozens

of them have been seen to repeat (e.g., Spitler et al. 2016;

CHIME/FRB Collaboration et al. 2019; Fonseca et al. 2020;

The CHIME/FRB Collaboration et al. 2021). Although rapid

developments have been made in the FRB research field,

the physical origin of FRBs remains mysterious (Platts et al.

2019; Zhang 2020; Geng et al. 2021; Xiao et al. 2021). Mag-

netars have been proposed as the likely engine to power

repeating FRBs (Popov & Postnov 2010; Kulkarni et al.

2014; Murase et al. 2016; Katz 2016; Metzger et al. 2017;

Wang & Yu 2017; Beloborodov 2017; Kumar et al. 2017;

Yang & Zhang 2018; Wadiasingh & Timokhin 2019; Cheng et al.

2020; Wang et al. 2020). On 2020 April 28, one FRB-like

event was independently detected by the Canadian Hydrogen

Intensity Mapping Experiment (CHIME/FRB Collaboration et al.

2020) and the Survey for Transient Astronomical Radio

Emission 2 (Bochenek et al. 2020) in association with a hard

X-ray burst from the Galactic magnetar SGR J1935+2154

during its active phase (Li et al. 2021a; Mereghetti et al.

2020; Ridnaia et al. 2021; Tavani et al. 2021). This discov-

ery strongly supports that magnetar engines can produce at

least some extragalactic FRBs.

Recently, by analyzing 93 bursts from the repeating FRB

121102 by the observation of the Green Bank Telescope at

4–8 GHz (Zhang et al. 2018), Lin & Sang (2020) found that

FRB 121102 has the property of scale invariance similar to

that of SGR J1550–5418. During an extreme episode of

bursts, FRB 121102 produced 1652 detectable events within

a time-span of 62 days (Li et al. 2021b). The peak burst rate

reached 117 hr−1. Such a range of cadence facilitate further

investigation into the SOC structures of this source. Another

key feature of this burst set from FRB 121102 is the bimodal

energy distribution of the burst rate.

Among the 16 known SGRs (12 confirmed and 4 can-

didates; Olausen & Kaspi 2014), SGR J1550–5418 is the

only source to date that has been used to investigate the

scale-invariant property (Chang et al. 2017). So it is in-

teresting to know whether other SGRs (e.g., SGR 1806–

20 and SGR J1935+2154) share the same property. The

magnetar research group at Sabancı University presented

their systematic temporal and broad-band spectral anal-

ysis of over 1,500 bursts from SGR J1550–5418, SGR

1900+14, and SGR 1806–20 observed with the Rossi X-ray

Timing Explorer (RXTE; e.g., Kırmızıbayrak et al. 2017).

In these public data, SGR 1806–20 has the largest burst

sample (924 bursts), which will be used in our following

analysis. Additionally, since SGR J1935+2154 is the first

source that has been reported to power a Galactic FRB

(CHIME/FRB Collaboration et al. 2020; Bochenek et al.

2020), we will also investigate the physical connection be-

tween SGR J1935+2154 and repeating FRBs.

In this paper, we investigate the scale-invariant behav-

iors of SGR 1806–20, SGR J1935+2154, and FRB 121102.

For SGRs, the PDFs of the differences of fluences (or to-

tal counts), peak fluxes (or peak counts), and durations at

different time scales are shown in Section 2. These PDFs

can be well fitted by a q-Gaussian function, and the func-

tional form does not depend on the scale interval adopted.

In Section 3, we compare the PDFs between SGRs and re-

peating FRB 121102. The evidence that may shed light on

the bimodal burst energy distribution of FRB 121102 is dis-

cussed in Section 4. Lastly, a brief summary and discussion

are given in Section 5.

2. SCALE-INVARIANCE IN SGRS

2.1. Data

The magnetar research group at Sabancı University has

constructed an online database of magnetar bursts detected

by the RXTE between 1996 and 2011, which can be visited

at http://magnetars.sabanciuniv.edu. This database contains

http://magnetars.sabanciuniv.edu
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924 bursts from SGR 1806–20, representing the largest sam-

ple for a single observation. The trigger time, total counts,

peak counts, and duration of each burst are available in the

database.

For SGR J1935+2154, the bursts observed by the Gamma-

ray Burst Monitor (GBM) onboard the Fermi satellite during

the source’s six active episodes from 2014 to 2020 are used

(Lin et al. 2020b,a). The number of bursts is 260. The avail-

able information for each burst include trigger time, fluence,

and duration, but not peak flux.

The 924 bursts from SGR 1806–20 were all observed

with the RXTE/Proportional Counter Array (PCA), and the

260 bursts from SGR J1935+2154 were all observed with

the Fermi/GBM. These two instruments are different in nu-

merous ways, including energy passband, sensitivity, back-

ground level, etc. The comparison of total counts detected

with a pointing instrument, RXTE/PCA (effectively sensitive

to 3–30 keV photons) to fluences of an all-sky monitor, GBM

(8–200 keV) has to be handled with care. A conversion fac-

tor between each PCA count and GBM fluence, in principle,

has to be determined (Göǧüş et al. 1999, 2000, 2001). On the

other hand, since we are interest in the statistical distribution

of the total count differences at different time intervals (see

more below), the difference between two PAC counts may be

approximated as the difference between two GBM fluences.

The adopted durations of all bursts from both SGR 1806–

20 and SGR J1935+2154 were determined by a Bayesian

block algorithm, but the sensitivity of detecting instruments

are expected to affect the resulting duration distributions.

Thus, there is a caveat that the comparison of the PDFs of

the duration differences between SGR 1806–20 and SGR

J1935+2154 may be affected by the sensitivity of different in-

struments. Note that Chang et al. (2017) studied the statisti-

cal properties of a sample of 384 SGR J1550–5418 bursts de-

tected with the Fermi/GBM. With the same detecting instru-

ment, the duration comparison between SGR J1935+2154

and SGR J1550–5418 would be credible. Here we esti-

mate the waiting time between two adjacent bursts through

∆t = ti+1 − ti, where ti+1 and ti are the trigger times of the

(i + 1)-th and i-th bursts, respectively. As both SGR 1806–20

and SGR J1935+2154 consist of several isolated epochs, we

discard the waiting time between the last burst of a certain

epoch and the first burst of the next epoch.

2.2. PDFs of the Avalanche Size Differences

We are now in position to use the data of SGR 1806–20 and

SGR J1935+2154 to investigate the PDFs of the avalanche

size differences. The difference between two avalanche sizes

is given by

Xn = Si+n − Si , (1)

where Si is the size (fluence, peak flux, duration, or waiting

time) of the i-th burst in temporal order and n (an integer) is

the temporal interval scale. In practice, Xn is normalized to

xn =
Xn

σXn

, (2)

where σXn
is the standard deviation of Xn. We are interest in

the statistical distribution of xn.

Figure 1 shows the statistical results of SGR 1806–20.

In this plot, we display the PDFs of the differences of to-

tal counts (upper-left panel), peak counts (upper-right panel),

and durations (lower-left panel) for n = 1 (diamonds), n = 50

(circles), and n = 100 (triangles). Following Chang et al.

(2017), the data are binned based on the Freedman-Diaconis

rule (Freedman & Diaconis 1981). One can see from Fig-

ure 1 that these PDFs P(xn) have a sharp peak and fat tails,

which are different from Gaussian behaviors. The sharp peak

means that small size differences are most likely to happen,

while the fat tails suggest that there are rare but relatively

large size differences. The large fluctuations presented in

the tails are caused by the incompleteness given from the

lack sampling of small magnitude events at the global scale

(Caruso et al. 2007). Additionally, the data points in Fig-

ure 1 are almost independent of the temporal interval scale n

adopted for the avalanche size difference, indicating a com-

mon form of P(xn). Here we use the Tsallis q-Gaussian func-

tion (Tsallis 1988; Tsallis et al. 1998)

f (xn) = α
[

1 − (1 − q)x2
n/β

]
1

1−q (3)

to fit P(xn), where α, β, and q are free parameters. When q→

1, the q-Gaussian distribution reduces to the Gaussian dis-

tribution with mean zero and standard deviation σ =
√

β/2.

Thus, q 6= 1 denotes a departure from Gaussian statistics.

The best-fitting parameters (α, β, and q) are obtained by

minimizing the χ2 statistics,

χ2 =
∑

i

[

f (xn,i) − P(xn,i)
]2

σ2
P,i

, (4)

where σP,i =
√

Nbin,i/Ntot is the uncertainty of the data point,1

with Nbin,i is the event number in the i-th bin and Ntot is

the total number of xn. We use the python implementation,

emcee (Foreman-Mackey et al. 2013), to apply the Markov

Chain Monte Carlo method to derive the best-fitting values

and their corresponding uncertainties for these parameters.

In Figure 1, the red, green, and blue smooth curves corre-

spond to the best-fitting results for n = 1, n = 50, and n = 100,

respectively. We may see that the PDFs of the differences of

total counts, peak counts, and durations are well fitted by the

q-Gaussian function, and that the three curves in each panel

1 For clarity, the uncertainties of the data points are not presented in the

figure.
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Table 1. The mean values of q in the q-Gaussian distribution for earthquakes, SGRs, and FRB 121102

Phenomena Energy range (erg) Number q-fluence (energy) q-flux q-duration References

earthquakes 400,000 1.75± 0.15 – – Caruso et al. (2007)

SGR J1550–5418 384 2.41± 0.29 2.40± 0.30 2.06± 0.23 Chang et al. (2017)

SGR 1806–20 924 2.72± 0.05 2.65± 0.05 2.48± 0.05 This work

SGR J1935+2154 260 2.78± 0.12 – 2.28± 0.15 This work

FRB 121102 Overall bursts 1652 2.51± 0.03 2.50± 0.03 1.42± 0.04 This work

with 4× 1036 < E < 8× 1039

FRB 121102 Low-energy bursts 1253 1.63± 0.09 1.81± 0.05 1.39± 0.06 This work

with 4× 1036 < E ≤ 2× 1038

High-energy bursts 399 2.21± 0.10 2.34± 0.09 1.50± 0.16 This work

with 2× 1038 < E < 8× 1039

Figure 1. Scale-invariant structure of SGR 1806–20. PDFs of the differences of total counts (upper-left panel), peak counts (upper-right panel),

and durations (lower-left panel) for n = 1 (red diamonds), n = 50 (green circles), and n = 100 (blue triangles), and the best-fitting q-Gaussian

distributions (solid lines). Lower-right panel: the best-fitting q values in the q-Gaussian distribution as a function of n.

overlap almost completely. However, the PDF of the wait-

ing time differences can not be well fitted by q-Gaussian (see

also Chang et al. 2017), so we do not exhibit it in the figure.

The waiting time shows different behaviors, which may be

due to the discontinuous observations of the telescope.

Furthermore, we compute the PDFs of the differences of

total counts, peak counts, and durations at different scale in-

tervals 1 ≤ n ≤ 100, and fit the PDFs with the q-Gaussian

function. In the lower-right panel of Figure 1, we plot the

best-fitting q values as a function of n. We find that the q val-

ues are approximately invariant for different scale intervals n.

The property of the independence of q values on n is referred

to as scale invariance. The mean values of q for total counts,

peak counts, and duration are 2.72± 0.05, 2.65± 0.05, and

2.48± 0.05, respectively, which are summarized in Table 1.

Here the uncertainty denotes the standard deviation of q. In-

terestingly, the q values we find here are close to the values

derived from SGR J1550–5418 (Chang et al. 2017), which
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Figure 2. Scale-invariant structure of SGR J1935+2154. PDFs of the differences of fluences (left panel) and durations (middle panel) for n = 1

(red diamonds), n = 50 (green circles), and n = 100 (blue triangles), and the best-fitting q-Gaussian distributions (solid lines). Right panel: the

best-fitting q values in the q-Gaussian distribution as a function of n.

indicates that there is a common scale-invariant property in

SGRs.

Similar results can be obtained for the data of SGR

J1935+2154, see Figure 2. The q values for this data also

keep approximately steady for different scale intervals n. The

mean values of q for fluence and duration are 2.78± 0.12

and 2.28± 0.14, respectively. As shown in Table 1, these

values are well consistent with those of SGR J1550–5418

(Chang et al. 2017) and SGR 1806–20, supporting a com-

mon scale-invariant structure of SGRs again.

It is worth mentioning that our statistic relies on the size

difference between two successive events. However, both

RXTE and Fermi are low orbit instruments and the sources

of interest would frequently be blocked by the Earth. It may

happen that there are other bursts in between some of those

events listed in the literature, and not recorded because the

sources were occulted. Moreover, there are also some unre-

solved weak bursts in the data. We have proved that for the

successive burst data, by changing the time interval n, or by

reshuffling the time series, no change in the PDFs of the size

differences is observed. In other words, the scale-invariant

behaviors of SGRs are only weakly sensitive to the absence

of the obscured bursts or the unresolved weak bursts.

3. COMPARISON WITH FRB 121102

Owing to the association between FRB 200428 and an

X-ray burst from the Galactic magnetar SGR J1935+2154

(CHIME/FRB Collaboration et al. 2020; Bochenek et al.

2020; Li et al. 2021a; Mereghetti et al. 2020; Ridnaia et al.

2021; Tavani et al. 2021), it is natural to consider whether

radio bursts of repeating FRBs have a similar scale-invariant

behavior. In this section, we compare the PDFs between

SGRs and repeating FRBs.

Recently, Li et al. (2021b) reported the detection of 1652

independent bursts in 59.5 hours spanning 62 days using

the Five-hundred-meter Aperture Spherical radio Telescope

(FAST; Nan et al. 2011; Li et al. 2018) at 1.05–1.45 GHz.

Such a uniform sample prevent complex selection effects,

which can be introduced by different instruments and differ-

ent frequency bands used in observations. Here we focus on

the PDFs for the differences of energies, fluxes, and durations

at different time scales. For a fixed n, we fit the PDF with the

q-Gaussian function and extract the best-fitting q value. Then

we vary n and derive the q values as a function of n.

Figure 3 exhibits some examples of the fits for the sam-

ple of FRB 121102. In this figure, we show the PDFs of

the differences of energies (upper-left panel), fluxes (upper-

right panel), and durations (lower-left panel) for n = 1 (dia-

monds), n = 50 (circles), and n = 100 (triangles). The solid

curves stand for the best-fitting results. One can see that

the PDFs can be well fitted by the q-Gaussian function,

in good agreement with the results of Lin & Sang (2020).

Similar to the scenario of SGRs, we also find that the q-

Gaussian function gives a poor fit to the PDF of the FRB

waiting time differences, which is then not shown in the

figure (see also Lin & Sang 2020). To better represent the

scale-invariant property in FRB 121102, in the lower-right

panel of Figure 3 we plot the best-fitting q values as a func-

tion of the temporal interval scale n. We confirm that the

q values are almost stable and independent of n. This im-

plies that there are similar scale-invariant properties among

earthquakes, SGRs, and FRBs. We also list the average q

values of energy (2.51± 0.03), flux (2.50± 0.03), and dura-

tion (1.42± 0.04) for FRB 121102 in Table 1. We empha-

size that the q-Gaussian distribution is a generalization of the

standard Gaussian distribution and it reduces to a Gaussian

distribution when q → 1. Since the average q value of du-

ration is relatively small (closing to 1), the peak of the PDF

in the lower-left panel of Figure 3 is no longer very sharp as

other PDFs.

4. SCALE-INVARIANT STRUCTURES OF THE

BIMODAL ENERGY DISTRIBUTION OF FRB 121102

BURSTS

The burst energy distribution of FRB 121102 can be ad-

equately described as bimodal (Li et al. 2021b). At the low

energy end (∼ E < 2× 1038 erg), a log-normal function can

describe the distribution reasonably well. While the distribu-

tion at the high energy end (∼ E > 2× 1038 erg) can be well

fitted by a generalized Cauchy function. It is interesting to
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Figure 3. Scale-invariant structure of FRB 121102. PDFs of the differences of energies (upper-left panel), fluxes (upper-right panel) and

durations (lower-left panel) for n = 1 (red diamonds), n = 50 (green circles), and n = 100 (blue triangles), and the best-fitting q-Gaussian

distributions (solid lines). Lower-right panel: the best-fitting q values in the q-Gaussian distribution as a function of n.

investigate whether low-energy bursts and high-energy bursts

of FRB 121102 have a similar scale-invariant behavior.

4.1. Statistical properties of low- and high-energy bursts

We divide the overall 1652 bursts into two components,

i.e., 1253 low-energy bursts with E ≤ 2× 1038 erg and 399

high-energy bursts with E > 2× 1038 erg. Then the scale-

invariant structures of the two components are investigated,

respectively. As shown in Table 1, the average q values of en-

ergy, peak flux, and duration for the low-energy component

are qE = 1.63±0.09, qP = 1.81±0.05, and qT = 1.39±0.06.

The average q values for the high-energy component are

qE = 2.21± 0.10, qP = 2.34± 0.09, and qT = 1.50± 0.16.

Interestingly, the average q value obtained from the PDFs

of the energy differences of low-energy bursts is compati-

ble, within the standard deviations, to that one found from

earthquakes (q = 1.75±0.15; Caruso et al. 2007). Consistent

with theoretical models of FRBs based on magnetar (e.g.,

Popov & Postnov 2010; Lyubarsky 2014; Beloborodov 2017,

2020; Metzger et al. 2019), the earthquake-like behavior here

may indicate that the low-energy bursts of FRB 121102 could

originate from starquakes of a magnetar. More interestingly,

the average q values of energy, peak flux, and duration for

the high-energy component of FRB 121102 are roughly con-

sistent with those of SGRs. We next show that these q values

can be well understood within the same statistical framework

of a SOC system.

4.2. Predictions of the fractal-diffusive avalanche model

For a fractal-diffusive avalanche model, quantitative values

for the size distributions of SOC parameters (length scales L,

durations T , peak fluxes P, and fluences or energies E) are

derived from first principles, using the scale-free probability

conjecture, N(L)dL ∝ L−SdL, for three Euclidean dimensions

S = 1, 2, and 3. The analytical model predicts the indices

of size distributions for E , T , and P as (Aschwanden 2012,

2014)

αE = 1 + (S − 1)/(DS + 2)

αT = (1 + S)/2 , (5)

αP = 2 − 1/S

where DS ≈ (1 + S)/2 is the mean fractal dimension. As

mentioned above, Caruso et al. (2007) presented an analy-

sis method to explain SOC behavior in the limited number of

earthquakes by making use of the return distributions (i.e.,

distributions of the avalanche size differences at different

times). They obtained the first strong evidence that the re-

turn distributions appear to have the shape of q-Gaussians,
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standard distributions arising naturally in nonextensive sta-

tistical mechanics (Tsallis 1988; Tsallis et al. 1998). Under

the assumption that there is no correlation between the sizes

of two events, an exact relation between the index α of the

avalanche size distribution and the q values of the appro-

priate q-Gaussian has been obtained as (Caruso et al. 2007;

Celikoglu et al. 2010)

q =
α+ 2

α
, (6)

which is important because it makes the q parameter deter-

mined a priori from one of the well-known indices of the

system.

In the framework of the fractal-diffusive SOC model, we

obtain the theoretical q values, i.e., qE ≈ 2.33, qP = 2.2,

and qT = 2.0, according to Equations (5) and (6) by tak-

ing the three-dimensional Euclidean space S = 3. The ob-

served q values of SGR J1550–5418, SGR 1806–20, and

SGR J1935+2154 at 1σ confidence level are in the range

of qE ≈ 2.12 − 2.90, qP ≈ 2.10 − 2.70, and qT ≈ 1.83 − 2.53,

which agree well with the predictions of the fractal-diffusive

SOC model.2 We also note that the derived qE and qP of the

high-energy component of FRB 121102 (qE = 2.21± 0.10

and qP = 2.34±0.09) are in good agreement with the predic-

tions of the fractal-diffusive SOC model, and the derived qT

(1.50± 0.16) is also roughly consistent with the model pre-

diction at 3.1σ confidence level. Therefore, SGRs and high-

energy bursts of FRB 121102 share similar scale-invariant

behavior, suggesting that they can be explained within the

same statistical framework of fractal-diffusive SOC systems

with the spatial dimension S = 3.

The observed durations of the repeating bursts of FRB

121102 are directly used for the analysis of scale invariance.

As is well known, the observed pulse duration of an FRB

is generally broadened by the instrumental and astrophysi-

cal sources (Cordes & McLaughlin 2003). The instrumental

pulse broadening includes the sampling time-scale and the

intrachannel dispersion smearing. The temporal resolution

can not be better than the sampling time-scale, which broad-

ens the pulse. The smearing is caused by intrachannel dis-

persion. The astrophysical pulse broadening is the scatter-

ing process of the radio emission in inhomogeneous plasma.

Therefore, the observed duration does not directly represent

the intrinsic duration. The intrinsic durations of the repeat-

ing bursts, in principle, should be used for our purpose. In

practice, it is difficult to separate the intrinsic duration from

the broadening components. But note that the distribution of

the observed duration differences at different time intervals

2 Due to the wide range of q values, they may also be consistent with the

predictions of the fractal-diffusive SOC model with the spatial dimension

S = 2.

is studied in this work. Pulse broadening caused by smearing

and scattering can be approximately deducted from subtract-

ing two observed durations. That is, the difference between

two observed durations can be approximated as the differ-

ence between two intrinsic ones.

5. SUMMARY AND DISCUSSION

Previous studies have shown that the PDFs for the earth-

quake energy differences at different time intervals have fat

tails with a q-Gaussian shape (Caruso et al. 2007; Wang et al.

2015). Another remarkable feature is that the q values in

the q-Gaussian distributions are approximately equal and in-

dependent of the temporal interval scale adopted, indicat-

ing a scale-invariant structure in the energy differences of

earthquakes. These statistical features can be well explained

within a dissipative SOC scenario taking into account long-

range interactions (Caruso et al. 2007). That is, scale invari-

ance is an important character representing the system ap-

proaching to a critical state. Recently, Chang et al. (2017)

found that SGR J1550–5418 also has the property of scale

invariance. However, it is unclear whether other SGRs share

the same scale-invariant structure as SGR J1550–5418.

In this work, we present statistics of soft gamma-/hard X-

ray bursts from SGR 1806–20 and SGR J1935+2154. We

find that the two SGRs share a common behavior in terms of

the PDFs of the fluence differences, confirming the findings

of Chang et al. (2017). The PDFs of the fluence differences

can be well fitted by a q-Gaussian function and the q values

keep nearly constant for different scale intervals. These re-

sults support that there is a common scale-invariant structure

in SGRs and that systems responsible for SGR bursts are in a

SOC state. Moreover, we show that the burst fluxes and du-

rations of SGRs share similar scale-invariant behaviors with

fluences, i.e., the PDFs of the differences of fluxes and dura-

tions at different time intervals also well follow q-Gaussian

distributions.

Given the association between an FRB-like event and an

X-ray burst from the Galactic magnetar SGR J1935+2154,

we also investigate the scale-invariant structure of the repeat-

ing FRB 121102. For FRB 121102, we show that the PDFs

of the differences of energies, fluxes, and durations also ex-

hibit q-Gaussian distributions, with steady q values indepen-

dent of the time scale. These properties are very similar to

those of SGRs, and thus both can be attributed to a SOC pro-

cess. Due to the fact that the burst energy distribution of FRB

121102 is bimodal, we also investigate the scale-invariant be-

haviors of low- and high-energy bursts of FRB 121102. We

find that the qE , qP, and qT values of low-energy bursts are

different from those of high-energy bursts, which indicate

that the low-energy component and the high-energy compo-

nent may have different physical origins. Interestingly, the

average q value obtained from the PDFs of the energy differ-
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ences of low-energy bursts is close to the q value found from

earthquakes. This implies that there may be some similari-

ties between the energy origins of low-energy bursts of FRB

121102 and earthquakes. More interestingly, the average q

values of energy, peak flux, and duration for the high-energy

component of FRB 121102 are roughly consistent with those

of SGRs. These q values can be well explained within the

same statistical framework of fractal-diffusive SOC systems

with the spatial dimension S = 3. In the future, much more

repeating bursts of FRBs will be detected. The physical con-

nection between repeating FRBs and SGRs can be further

investigated.
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