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There has been much interest in studying quasi-periodic events on earthquake models. Here we investigate quasi-
periodic events in the avalanche time series on structured earthquake models by the analysis of the autocorrelation function
and the fast Fourier transform. For random spatial earthquake models, quasi-periodic events are robust and we obtain a
simple rule for a period that is proportional to the choice of unit time and the dissipation of the system. Moreover, computer
simulations validate this rule for two-dimensional lattice models and cycle graphs, but our simulation results also show that
small-world models, scale-free models, and random rule graphs do not have periodic phenomena. Although the periodicity
of avalanche does not depend on the criticality of the system or the average degree of the system or the size of the system,
there is evidence that it depends on the time series of the average force of the system.
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1. Introduction

Earthquake is a common phenomenon undoubtedly
known to humans from earliest times. With the establishment
of the plate tectonics theory, scientists started to understand
the cause and nature of earthquakes. However, statistical stud-
ies appeared much earlier, urged by the necessity of predicting
earthquakes.

Gutenberg and Richter realized that the energy released
during the earthquake is increased exponentially with the
earthquake magnitude.!' 3! This is the Gutenberg—Richter law.
Larger earthquakes occur less frequently, the relationship be-
ing exponential (http://earthquake.usgs.gov/earthquakes). In
the United Kingdom, for example, it has been calculated
that the average recurrences are: an earthquake of 3.7-
4.6 every year, an earthquake of 4.7-5.5 every 10 years,
and an earthquake of 5.6 or larger every 100 years from
(www.quakes.bgs.ac.uk/hazard).

Earthquakes are probably the most relevant paradigm of
self-organized criticality (SOC) that can be observed by hu-
mans on the earth.*®! The SOC concept was introduced as a
possible explanation for the widespread occurrence in nature
of long-range correlations in space and time by Bak, Tang, and
Wiesenfeld. [+7]

In their sandpile model both the random, slow addition of
“blocks” on a two-dimensional (2D) lattice and a simple, lo-
cal, and conservative rule drive the system into a critical state
where power law distributed avalanches maintain a steady
regime far from equilibrium.

DOI: 10.1088/1674-1056/ab3449

Olami, Feder, and Christensen (OFC) made an impor-
tant contribution to the SOC ideas by mapping the Burridge—
Knopoff spring-block model!®! into a nonconservative cellu-
lar automaton, !9 simulating the earthquake’s behavior. The
model results in a power law distribution of avalanches sim-
ilar to the Gutenberg—Richter law and also reproduces other
characteristics of real earthquakes.!!!!

In order to improve resemblance with the geological
structure of the earth, and the presence of power law dis-
tribution of avalanches, the topology of connections be-
In the lit-

erature, OFC models on different topologies have been ex-
[12-14

tween dynamical units plays an important role.

plored previously. The anisotropic version, I random-

n,[5-18) quenched random graph,!'%?°! small-

¢,123-26

neighbor versio

d,21.22 ! random spatial network,?” and

[28-30

worl 1 scale-fre

other different topology models | have been investigated.

Earthquakes as SOC phenomena, in addition to the lack
of success in predictability, have developed the idea that the
crust is at a critical state where a minor perturbation can trig-
ger an earthquake of any size and duration, making them inher-
ently unpredictable.*'! However, foreshocks, aftershocks, and
clustering properties indicate the existence of correlation be-

tween different events. 3236

1 Many seismologists believe that
large earthquakes are quasi-periodic,®”% but periodic be-
havior has appeared in theoretical models only as a special or
as a trivial solution,!*'=* or as a result of a phase locking due

[44-46

to periodic boundary conditions (BCs), | or synchronized

regions*”) in cellular automata.
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However, a nontrivial quasi-periodic behavior in the
avalanche time series with a period proportional to the degree
of dissipation of the system has been discovered by Ramos et
al. in 2006.1*81 The correlation of time series of earthquakes
can indicate impending catastrophic events and is considered
to be possible to achieve prediction. 349301

In the aim of improving resemblance with the mechan-
ical model they have introduced two variations in the OFC
model. (i) Thresholds are distributed randomly following a
narrow Gaussian distribution of standard deviation. (ii) In-
stead of assuming infinitely accurate tuning, a constant and
finite force continually drives the system, but keeping the sep-
aration of time scales (relaxations are considered to be instan-
taneous) which is more realistic.

It is natural to think about whether there are quasi-
periodic phenomena in other OFC models. And trying to find
the mechanism for the emergence of quasi-periodicity.

In the present work, we first investigate the quasi-periodic
behavior in a random spatial network. It is not like the origi-
nal OFC model which exhibits SOC behavior for a wide range
of dissipation values and the power-law exponent depends on
the dissipation value, SOC can be excited only in the approxi-
mate conservative or the network is denser case.[??”! There is
not SOC on sparse spatial networks, due to the fact that spa-
tial networks include many modules and the modular struc-
ture hinders the spreading of avalanches in the whole network.
Connection degree is increased which enables energy transfer
over a long range. The long-range energy transfer overcomes
the effect of local modularity and SOC can be reached. An in-
tuitive scenario is that there are no quasi-periodic phenomena
in nonconservative random spatial network.

However, by analyzing the autocorrelation function and
the fast Fourier transform for the avalanche time series, we
show that there is a quasi-periodic phenomenon in the random
spatial network. And we obtain a simple rule for a period that
is proportional to the choice of unit time and the dissipation of
the system. Although the periodicity of the avalanche does not
depend on the criticality of the system or the average degree
of the system or the size of the system, there is evidence that it
depends on the time series of the average force of the system.

We have also explored other models in the present study.
Cycle graphs and two-dimensional lattice models are in good
agreement with the above laws, but small-world models, scale-
free models, and random rule graphs do not have periodic phe-
nomena.

2. Model and method

The random spatial earthquake model was introduced by
replacing the lattice model, in order to improve randomness
and locality, which is more realistic.*”! In which sites are ran-
domly placed on a plane and are connected locally. The net-

work is built by two simple rules: (i) Randomly pick N sites
on a square, whose width is L; (ii) Two sites are connected
if the distance between each other is less than the connection
radius r..

The system average degree is (k) = (1/N)Y; ki, where k;
is the degree of the i-th site, that is, the i-th site is linked to k;
neighbors. For the given values of L and N, the average degree
can be changed by tuning the connection radius r..

Initialize all sites to a random value between O and Fy,.
When a site F; reaches the threshold F,, and a fraction 8 /k; of
its force is redistributed to its neighbors,

{an_>an+Eﬁ/kia

1
F 0, ey

where “nn” stands for the collection of nearest neighbors to
node i. The parameter B (8 = 4a) controls the level of dis-
sipation of the system and takes values between O and 1. If
B =1.0 or @ = 1/4 the system is conservative. According to
the rule (1), the force of an unstable site at the boundary is av-
eragely distributed to each of its nearest neighbors. Therefore,
we use free boundary conditions in this model.

The toppling of one site triggers an avalanche, that is,
neighbors of this site may become unstable and toppling prop-
agates in the network. The avalanche is over until all of the
sites are below Fy. The number of toppling sites during an
earthquake is defined as the earthquake size S. Then the driv-
ing to all sites recovers, a new avalanche is triggered. In a sys-
tem of SOC, the distribution of earthquake sizes is a power-law
function. We still adopt the above two changes: i) Thresholds
are distributed randomly following a narrow Gaussian distri-
bution of standard deviation ¢ = 0.001. ii) A constant and
finite force continually drives the system, dF = 10~*. The
modified model is more similar to the mechanical model and
more convenient to calculate time series.

We use the natural unit time for simplicity, that is an iso-
lated block would need 10* steps from zero to reach the thresh-
old Fy, = 1.0 for dF = 104, the time is T}, = Fin/dF =10000.

The autocorrelation function is defined as
L(s()s(z+1)) — (s(1))?

L(s(r) = (s(r)))*

where s(7) corresponds to the avalanche time series, (s(7)) is

Ct)= (2)

the avalanche size average.

3. Results and discussion

The original OFC model exhibits SOC behavior for a
wide range of dissipation values and the power-law exponent
depends on the dissipation value, and the original random
spatial earthquake model exhibits SOC only in the approxi-

e.27] Figure 1

mate conservative or the network is denser cas
shows the avalanche size distribution in finite velocity for the
OFC model (see Fig. 1(a) and Fig. 1(b)) and the random spatial

model (see Fig. 1(c) and Fig. 1(d)). The model that makes this
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change is called the finite velocity model, in which a constant
and finite force continually drives the system, and keeping the
separation of time scales (relaxations are considered to be in-
stantaneous).

Figures 1(a) and 1(b) show the avalanche size distribu-
tion for different system size N and different dissipation o
on the finite velocity OFC earthquake model with o = 0.2
and N = 1282, respectively. Figures 1(c) and 1(d) show the
avalanche size distribution for different system size N and dif-
ferent dissipation § on the finite velocity random spatial earth-

100 10! 102 103 104

100 101 102

quake model with B = 0.8 and N = 1282, respectively. The
largest avalanche size in the OFC model is about 10*, which
is close to the system size N. In the random spatial models,
the distribution of avalanche size depends on the dissipation
parameter 3, but the distributions obviously diverge from a
power-law function. Although the system size is N = 128,
the largest size of avalanche is very small. The power law be-
havior of the avalanche distributions is not more robust in this
finite velocity random spatial model than in the finite velocity
OFC one.

101 (d)
— 10-3
f
T I —B8=02
107 3_0.4
—B=0.6
1077 —5=0.8
, . . L]
100 101 102

S

Fig. 1. Distribution of earthquake size for the finite velocity OFC model (see Fig. 1(a) and Fig. 1(b)) and the finite velocity random spatial model (see
Fig. 1(c) and Fig. 1(d)). Figures 1(a) and 1(b) show the avalanche size distribution for different system size N and different dissipation & on the finite
velocity OFC earthquake model with a = 0.2 and N = 1282, respectively. Figures 1(c) and 1(d) show the avalanche size distribution for different system
size N and different dissipation 8 on the finite velocity random spatial earthquake model with B = 0.8 and N = 1282, respectively. The power law behavior
of the avalanche distributions is not more robust in this finite velocity random spatial model than in the finite velocity OFC one.

Next, we explore whether quasi-periodic phenomena will
occur in random spatial earthquake models by calculating cor-
relation functions. The system has parameters (k) = 288 and
N = 1282. The analysis of the autocorrelation function (see
Fig. 2(a)) displays a strong correlation between avalanches.
Some of the peaks for ¢ = 0.001 are shown in Fig. 2(a). The
maximum height of the peak is less than 0.01. Although the
height of these peaks is relatively small, the position of these
peaks indicates that the system has a quasi-periodic behavior
with a period proportional to the degree of dissipation and the
unit time

T=T,(1-4a)=T,(1-B). 3)

Surprisingly, the period under this random spatial earth-
quake model is consistent with that of the OFC model (see
Fig. 2(a) and Fig. 2(b)). Although the height of the peak is also
small, the position of the peak shows that the quasi-periodic
behavior is obvious. However, the curve of OFC model is
higher and smoother than that of random spatial earthquake
model, because the random spatial system has more perturba-
tions. The randomness and locality of the random spatial net-

work make the noise of the correlation function more stronger
than that of the 2D spring-block model.

We also see that the peak value of the correlation function
decreases first and then increases with the increase of the dissi-
pation coefficient in the random spatial earthquake model (see
Fig. 2(a)). However, the peak value of correlation function in-
creases and then decreases in the lattice model (see Fig. 2(b)).
The height of the peaks shows a non-monotonous variation
with the dissipation degree not being well understood yet.

It is not like that periodicity is as robust as criticality in
OFC model, periodicity is independent of criticality in this
model. The original OFC model exhibits SOC behavior for
a wide range of dissipation values and the power-law expo-
nent depends on the dissipation value, SOC can be excited
only when the average degree is large and the system tends
to conservation in this random spatial model. From the above
research, we can see that this random spatial model, like the
original model, has quasi-periodic behaviors under various
conservative parameters. Therefore, periodicity and critical-
ity are not dependent on each other.
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(a) random spatial network (b) lattice
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Fig. 2. The quasi-periodic behavior on different earthquake models. The first row show the analysis of the autocorrelation function for the avalanche
time series of (a) the random spatial earthquake model with (k) = 228, (b) the OFC earthquake model, and (c) the earthquake model on cycle with
k = 4. Each type of graph or network is simulated for the system size N = 1282. Different curves correspond to different degrees of dissipation
B(=4a) or o.. The position of the peaks indicates that the system has a quasi-periodic behavior with a period proportional to the degree of dissipation:
T =T,(1—-PB)=Ty(l —4a). For visual clarity, curves oc = 0.10 and & = 0.15 have been shifted along the x axis in the earthquake model on cycle,
x —x— 100 and x — x+ 100, respectively. The second row shows the fast Fourier transform (FFT) for the avalanche time series of (a) the random spatial
earthquake model with (k) =228, f =0.6 and N = 1282 (r, = 0.0325), (b) the OFC model with o = 0.15 and N = 1282, and (c) the earthquake model
on cycle with ot = 0.15, N = 1282, and k = 4. The quasi-periodic behavior is robust 7' = 1 /f and the period is consistent with that of the autocorrelation

function.
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Fig. 3. The analysis of the autocorrelation function for (a) different system average degree (k) with N = 1282 and 8 = 0.60, (b) different system size N
with (k) = 228 and 8 = 0.60. The fast Fourier transform (FFT) for (c) different system average degree (k) with N = 128% and 8 = 0.60, (d) different
system size N with (k) =228 and § = 0.60. Except for large errors when N is large, the quasi-periodic behavior is also robust for different system size

N or system average degree (k).

Besides, the quasi-periodic behavior is robust for differ-  just slightly offset (see Fig. 3(b)), the quasi-periodic behavior
ent system average degree (k) and different system size N on  is also robust for different system size N.
the random spatial earthquake model. Nevertheless, the peak Moreover, we computed the fast Fourier transform (FFT)
is getting lower and lower as the system average degree in-  for the avalanche time series of both the random spatial earth-
creases (see Fig. 3(a)). Although the position of the peak is  quake model with (k) = 228 and the OFC earthquake model
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as the second row in Fig. 2. Each type of graph or network
is simulated for the dissipation degree 8 = 0.60 or oo = 0.15.
The quasi-periodic behavior is robust, (T’ = 1/f, f is the fre-
quency at the peak) and the period is consistent with that of the
autocorrelation function. We also computed the fast Fourier
transform (FFT) for different system average degree k and dif-
ferent system size N on the random spatial earthquake model
in Fig. 3(c) and Fig. 3(d). Except for large errors when N is
large, the quasi-periodic behavior is still robust.

We also discussed the mechanism of periodic phenom-
ena. In general, the inherent complexity of SOC on networks
makes analytical investigations almost always impossible. Al-
though the periodicity of avalanche does not depend on the
criticality of the system or the average degree of the system or
the size of the system, there is evidence that it depends on the
time series of the average force of the system.

The analysis of the average force of the system (F)(z) =
(I/N)Y,;Fi(t), (F)(t) corresponds to the time series (gray
lines in Fig. 4), displays a strong correlation between the sys-

tem average force:

Surprisingly, the period is consistent with that of the autocor-
relation function and it is depending on the time series of the
average force of the system (see Table 1). The fitted equation
is

y=7yo+asin (%(x—xo)), 5)

where a, b, yo, and xy are fit parameters, see Table 1 for fitting
details (red lines in Fig. 4). Except for large errors when f is
small in the random spatial model, the period T is consistent
with that of the autocorrelation function.

Moreover, we find that the rule also holds for cycle graphs
with k = 4 by analyzing the autocorrelation function for the
avalanche time series in Fig. 2(c) and the average force for
the time series in Fig. 4(c). On cycles, individuals interact
with their k/2 nearest neighbors on either side. Thresholds
are distributed randomly following a Gaussian distribution of
standard deviation o = 0. Instead of showing non-monotonic
variations in peak height, peaks almost always reach a maxi-
mum of 1.0. The peaks for small ¢ are extremely narrow. It
is almost coincident covering for different dissipation param-
eters. For visual clarity, curves o = 0.10 and o = 0.15 have
been shifted along the x axis in the earthquake model on cycle,

(FY@)=(F)Yt+T). (4)  x—x—100and x — x+ 100, respectively.
(a) ' ' (b) ()
0.505 0.52}
| 0.51f
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Fig. 4. The analysis of the average force for the time series of (a) the random spatial earthquake model with (k) =228 and N = 1282, (b) the OFC model
with N = 1282, and (c) the cycle model with k = 4 and N = 1282. Different curves correspond to 8 = 0.40 (a = 0.10), 0.60 (o = 0.15), and 0.80 (& = 0.20)
from up to bottom. Gray lines represent the average force for the time series and red lines are the fitting of the average force data of the system (see Table 1

for fitting details).
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Table 1. Fitting details corresponding to Fig. 4. The fitting equation is Eq. (5).

Models B (or ) Yo X0 b a T
Random spatial model 0.4 0.50022 17645.28997 1475.5896 0.00185 2951.179
Random spatial model 0.6 0.50065 8060.66579 992.4178 0.000487 1984.836
Random spatial model 0.8 0.50147 37670.52985 964.8767 0.0009638 1929.753

Lattice model 0.1 0.50164 7243.2208 2988.81158 0.00602 5977.623
Lattice model 0.15 0.50954 614.73525 2003.725 0.01609 4007.45
Lattice model 0.2 0.5512 -48899.38938 1142.83261 0.02087 2285.665
Cycle model 0.1 0.50004 7902.04672 2987.4371 0.01366 5974.874
Cycle model 0.15 0.50008 1691.95799 2001.83301 0.0171 4003.666
Cycle model 0.2 0.50007 —242.57117 999.64596 0.0023 1999.292

To illustrate the period depends on the time series of the
average force of the system, we also analyze the average force
time series of the anisotropic model, random rule graph, small-
world network, and scale-free network, and find that these
models do not exhibit quasi-periodic behavior. This is consis-
tent with that we calculate the autocorrelation function to the
avalanche time series for these models. Presumably because
they have a larger variance of the degree distribution.

These numerical results indicate that periodicity is deter-
mined by the system average force. If there is quasi-periodic
behavior in the time series of system average force, then there
is also quasi-periodic behavior in the time series of avalanche.
And the period is proportional to the choice of unit time and
the degree of dissipation.

4. Conclusion

We have investigated how structure affects the quasi-
periodic behavior of earthquake model. More specifically, we
have shown that the quasi-periodic behavior is robust for struc-
tured models by the analysis of the autocorrelation function
and the fast Fourier transform, including random spatial mod-
els, 2D lattice models, and cycles. We also obtained a simple
rule for a period that is proportional to the choice of unit time
and the dissipation of the system. It is not like that periodicity
is as robust as criticality in OFC model, while the periodicity
is independent of the criticality in this model. Next, we have
explored other models. Although random spatial models, cy-
cle graphs, and 2D spring-block models are in good agreement
with the above laws, the small-world models, scale-free mod-
els, and random rule graphs do not have periodic phenomena.
We have also explored the mechanism by which periodic phe-
nomena occur. The periodicity of avalanche does not depend
on the criticality of the system or the average degree of the sys-
tem or the size of the system, however, there is evidence that it
depends on the time series of the average force of the system.
Since the quasi-periodic behavior exists in the time series of
the system average force, the quasi-periodic behavior also ex-
ists in the time series of avalanche, and the value of the period

is consistent. If the periodicity and self-organized criticality of
earthquakes are taken as the basis, the random spatial model
and the two-dimensional lattice model are most suitable.

Acknowledgment

We would like to thank Lin Zhou for helpful discussions.

References

[1] Gutenberg B and Richter C 1944 Bull. Seismol. Soc. Am. 34 185
[2] Gutenberg B and Richter C 1956 Ann. Geofis. 9 1
[3] Perez-Oregon J, Munoz-Diosdado A, Rudolf-Navarro A H, Guzman-
Saenz A and Angulo-Brown F 2018 J. Seismol. 22 1025
[4] Bak P, Tang C and Wiesenfeld K 1987 Phys. Rev. Lett. 59 381
[5] Bak P and Tang C 1989 J. Geophys. Res.: Solid Earth 94(B11) 15635
[6] Sun B A, Wang L F and Shao J H 2017 Acta Phys. Sin. 66 178103 (in
Chinese)
[7] Jensen H J 1998 Self-Organized Criticality (Cambridge: Cambridge
University Press)
[8] Burridge R and Knopoff L 1967 Bull. Seismol. Soc. Am. 57 341
[9] Olami Z, Feder HJ S and Christensen K 1992 Phys. Rev. Lett. 68 1244
[10] Yan F,PanP Z, Feng X T, Li S J and Jiang Q 2019 Appl. Math. Model.
66 156
[11] Lherminier S, Planet R, et al. 2019 Phys. Rev. Lett. 122 218501
[12] LiB Q and Wang S J 2018 Commun. Theor. Phys. 69 280
[13] Kazemian J, Dominguez R, Tiampo K F and Klein W 2015 Pure Appl.
Geophys. 172 2167
[14] Zhang G Q, Yang Q Y and Zhang A Z 2014 Appl. Math. Comput. 242
346
[15] Lise S and Jensen H J 1996 Phys. Rev. Lett. 76 2326
[16] Chabanol M L and Hakim V 1997 Phys. Rev. E 56 R2343
[17] Broker H M and Grassberger P 1997 Phys. Rev. E 56 3944
[18] Kinouchi O, Pinho S T R and Prado C P C 1998 Phys. Rev. E 58 3997
[19] Lise S and Paczuski M 2002 Phys. Rev. Lett. 88, 228301
[20] Pan G J, Zhang D M, Yin Y P and He M H 2006 Chin. Phys. Lett. 23
2811
[21] Caruso F, Latora V, Pluchino A, Rapisarda A and Tadic B 2006 Eur.
Phys. J. B 50 243
[22] De Arcangelis L and Herrmann H J 2002 Physica A 308 545
[23] Rozenfeld A F, Cohen R, ben-Avraham D and Havlin S 2002 Phys. Rev.
Lett. 89 218701
[24] Zhou T and Wang B H 2005 Chin. Phys. Lett. 22 1072
[25] Lin M, Wang G and Chen T L 2006 Commun. Theor. Phys. 46 1011
[26] Tanaka I and Hatano T 2017 Eur. Phys. J. B 90 248
[27] Li B Q and Wang S J 2018 Phys. Rev. E 98 012309
[28] Zhang G Q, Baro J, Cheng F Y, Huang H and Wang L 2019 Physica A
525 1463
[29] Zhang G Q, Tirnakli U, Wang L and Chen T L 2011 Eur. Phys. J. B 82
83
[30] Zhang G Q, Wang L and Chen T L 2009 Physica A 388 1249

090503-6


https://pubs.geoscienceworld.org/ssa/bssa/article-abstract/34/4/185/101140/frequency-of-earthquakes-in-california
https://doi.org/10.4401/ag-5590
https://link.springer.com/article/10.1007/s10950-018-9757-6
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.59.381
https://agupubs.onlinelibrary.wiley.com/doi/10.1029/JB094iB11p15635
http://wulixb.iphy.ac.cn/EN/abstract/abstract70838.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract70838.shtml
https://www.cambridge.org/core/books/selforganized-criticality/0EE3D52D140A543C2F3A706D18CD4F1A
https://www.cambridge.org/core/books/selforganized-criticality/0EE3D52D140A543C2F3A706D18CD4F1A
https://pubs.geoscienceworld.org/ssa/bssa/article-abstract/57/3/341/116471/model-and-theoretical-seismicity
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.68.1244
https://www.sciencedirect.com/science/article/pii/S0307904X1830427X
https://www.sciencedirect.com/science/article/pii/S0307904X1830427X
https://doi.org/10.1103/PhysRevLett.122.218501
https://iopscience.iop.org/article/10.1088/0253-6102/69/3/280/meta
https://link.springer.com/article/10.1007/s00024-014-0843-6
https://link.springer.com/article/10.1007/s00024-014-0843-6
https://www.sciencedirect.com/science/article/pii/S0096300314007383
https://www.sciencedirect.com/science/article/pii/S0096300314007383
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.76.2326
https://journals.aps.org/pre/abstract/10.1103/PhysRevE.56.R2343
https://journals.aps.org/pre/abstract/10.1103/PhysRevE.56.3944
https://journals.aps.org/pre/abstract/10.1103/PhysRevE.58.3997
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.88.228301
http://cpl.iphy.ac.cn/Y2006/V23/I10/2811
http://cpl.iphy.ac.cn/Y2006/V23/I10/2811
https://link.springer.com/article/10.1140/epjb/e2006-00110-5
https://link.springer.com/article/10.1140/epjb/e2006-00110-5
https://www.sciencedirect.com/science/article/pii/S0378437102005496
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.89.218701
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.89.218701
https://iopscience.iop.org/article/10.1088/0256-307X/22/5/012/meta
https://iopscience.iop.org/article/10.1088/0253-6102/46/6/011
https://link.springer.com/article/10.1140/epjb/e2017-80295-0
https://journals.aps.org/pre/abstract/10.1103/PhysRevE.98.012309
https://doi.org/10.1016/j.physa.2019.04.025
https://doi.org/10.1016/j.physa.2019.04.025
https://doi.org/10.1140/epjb/e2011-10941-4
https://doi.org/10.1140/epjb/e2011-10941-4
https://doi.org/10.1016/j.physa.2008.12.043

Chin. Phys. B Vol. 28, No. 9 (2019) 090503

[31]
[32]
[33]
[34]
[35]
[36]

[37]
[38]

Geller R J, Jackson D D, Kagan Y Y and Mulargia F 1997 Science 275
1616

Gerstenberger M C, Wiemer S, Jones L M and Reasenberg P A 2005
Nature 435 328

De Arcangelis L, Godano C, Grasso J R and Lippiello E 2016 Phys.
Rep. 628

Biswas S and Goehring L 2018 Philos Trans. A Math. Phys. Eng. Sci.
377 2136

Sarlis N V, Skordas E S, Varotsos P A, Ramirez-Rojas A and Flores-
Marquez E L 2019 Physica A 517 475

Pan B C, Shi Q F, Sun G 2013 Chin. Phys. Lett. 30 124701

Bakun W H and Lindh A G 1985 Science 229 619

Savage J C and Cockerham R S 1987 Bull. Seismol. Soc. Am. 77 1347

[39]
[40]
[41]
[42]
[43]
[44]
[45]
[46]
[47]
[48]
[49]
[50]

090503-7

Marzocchi W, Taroni M and Falcone G 2017 Sci. Adv. 31701239
Lu K Q and Cao Z X 2018 Physics 47 211 (in Chinese)

Carlson J M and Langer J S 1989 Phys. Rev. Lett. 62 2632

Rice J R 1993 J. Geophys. Res. 98 9885

Xu H J and Knopoff L 1994 Phys. Rev. E 50 3577

Grassberger P 1994 Phys. Rev. E 49 2436

Herz A V M and Hopfield J J 1995 Phys. Rev. Lett. 75 1222
Middleton A A and Tang C 1995 Phys. Rev. Lett. 74 742

Drossel B 2002 Phys. Rev. Lett. 89 238701

Ramos O, Altshuler E and Maloy K J 2006 Phys. Rev. Lett. 96 098501
Ramos O 2010 Tectonophysics 485 321

Aragon L E and Jagla E A 2013 Geophys. J. Int. 195 1763


https://science.sciencemag.org/content/275/5306/1616
https://science.sciencemag.org/content/275/5306/1616
https://www.nature.com/articles/nature03622
https://www.nature.com/articles/nature03622
https://www.sciencedirect.com/science/article/pii/S0370157316300011
https://www.sciencedirect.com/science/article/pii/S0370157316300011
https://royalsocietypublishing.org/doi/10.1098/rsta.2017.0388
https://royalsocietypublishing.org/doi/10.1098/rsta.2017.0388
https://www.sciencedirect.com/journal/physica-a-statistical-mechanics-and-its-applications/vol/506/suppl/C
http://cpl.iphy.ac.cn/10.1088/0256-307X/30/12/124701
https://science.sciencemag.org/content/229/4714/619
https://pubs.geoscienceworld.org/ssa/bssa/article-abstract/77/4/1347/118992/quasi-periodic-occurrence-of-earthquakes-in-the?redirectedFrom=fulltext
https://advances.sciencemag.org/content/3/9/e1701239
http://www.wuli.ac.cn/EN/abstract/abstract71970.shtml
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.62.2632
https://agupubs.onlinelibrary.wiley.com/journal/21562202
https://journals.aps.org/pre/abstract/10.1103/PhysRevE.50.3577
https://journals.aps.org/pre/abstract/10.1103/PhysRevE.49.2436
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.75.1222
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.74.742
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.89.238701
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.96.098501
https://www.sciencedirect.com/science/article/pii/S0040195109006271
https://academic.oup.com/gji/article/195/3/1763/623098

	1. Introduction
	2. Model and method
	3. Results and discussion
	4. Conclusion
	References

