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Abstract. We invoke a metric to quantify the correlation shocks or main shocks, and the statistics of aftershock se-
between any two earthquakes. This provides a simple anduences are studied. Usually, aftershocks are collected by
straightforward alternative to using space-time windows tocounting all events within a fixed space-time windd@a¢d-
detect aftershock sequences and obviates the need to diser and Knopoff 1974 Keilis-Borok et al, 1980 Knopoff
tinguish main shocks from aftershocks. Directed networkset al, 1982 Knopoff, 2000 following a main event. The size
of earthquakes are constructed by placing a link, directedbf the window may vary or scale with the magnitude of the
from the past to the future, between pairs of events that arenain eventKagan 20023, and other refinements have been
strongly correlated. Each link has a weight giving the rel- made Helmstetter 2003. However, this method does not
ative strength of correlation such that the sum over the in-allow a likelyhood to be estimated that an event thereby col-
coming links to any node equals unity for aftershocks, orlected is actually correlated to the main event under consider-
zero if the event had no correlated predecessors. A correation. As a result, no straightforward algorithm exists to de-
lation threshold is set to drastically reduce the size of thecide if the space-time windows are too large or too small for
data set without losing significant information. Events canminimizing errors in the procedure. Also, the method cannot
be aftershocks of many previous events, and also generatee easily extended to examine remote triggeridil €t al.,
many aftershocks. The probability distribution for the num- 1993 Gomberg et a).2001) where main shocks may trigger
ber of incoming and outgoing links are both scale free, andaftershocks at great distance in space, or perhaps far away
the networks are highly clustered. The Omori law holds forin time. In addition, aftershocks may have several preceding
aftershock rates up to a decorrelation time that scales witlevents to which they are correlated, perhaps with overlapping
the magnituder, of the initiating shock agytofi~10°" with space-time windows. Using conventional methods the con-
B=>=3/4. Another scaling law relates distances between earthjecture that aftershocks can rumble on for centuri&sgan
quakes and their aftershocks to the magnitude of the initiat20028 cannot be tested.
ing shock. Our results are inconsistent with the hypothesis of In fact, a growing body of work indicates that the distinc-
finite aftershock zones. We also find evidence that seismicitytion between aftershocks and main shocks is relaBaggsi
is dominantly triggered by small earthquakes. Our approachand Paczusk2004 Kagan 2002). There is no unique op-
using concepts from the modern theory of complex networks erational way to distinguish between aftershocks and main
together with a metric to estimate correlations, opens up newshocks Bak et al, 2002. They are not caused by different
avenues of research, as well as new tools to understand seigelaxation mechanism&lpugh and Jone4997 Helmstetter
micity. and Sornette2003. Besides, a strict distinction may not be
the most useful way to describe the dynamics of seismicity.
A particular nuisance with employing space-time windows
arises from the entanglement of a vast range of scales in
space, time and magnitude in seismicity. One scale-free

N . . . roperty is theGutenberg and Richtgl94]) (G-R) distri-
Seismicity is an exceedingly intermittent phenomeKa-( Eutirc))n f)zl)r the number O? earthquakgs oszng\gnit)mdm a

gan 1999 exhibiting strong correlations in space and time. seismic region
Since the seismic rate increases sharply after a large earth- glon,
quake in the region, events typically are classified as after-p(m)~107"" | (1)

1 Introduction

Correspondence tavl. Paczuski with b usually~1. A second is the fractal appearance of
(maya@ic.ac.uk) earthquake epicenteryrcotte 1997 Kagan 1994 Hirata,
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1989, where the fractal dimensiod;~1.6 in S. Califor- magnitudes of the earthquakes, and the metric or correlation
nia (Corral 2003. A third is the Omori law Omori, 1894 between the linked pairs. We can study the statistical proper-

Utsu et al, 1995 for the rate of aftershocks in time, ties of the network and its ensemble of space/time/magnitude
K variables to gain new insights into seismicity. Note that many
v(t)~ il (2) variations of the null hypothesis and associated metric are
C

possible, but the key feature of a useful null hypothesis, in
wherec andK are constant in time, but depend on the mag-this context, is that earthquakes are uncorrelated in time.
nitudem (Utsu et al, 1999 of the earthquake. The null hypothesis, which we previously used, is that

One way forward has been suggestedibgk et al, 2002 earthquakes occur with a distribution of magnitudes given
who take the perspective of statistical physics: Neglectingby the G-R law, with epicenters located on a fractal of di-
any classification of earthquakes as main shocks, foreshocksiensiond, at random in time. Of course, it is patently false
or aftershocks, analyze seismicity patterns irrespective othat earthquakes are uncorrelated in time. It is also unclear
tectonic features and place all events on the same footingf epicenters form a monofractal with dimensidp<2. The
They consider spatial areas and their subdivision into squargoint is to look for strong violations of the null hypothesis.
cells of lengthZL. For each of these cells, only events above Consider an earthquakiein the seismic region, which oc-
a threshold magnitude: are included in the analysis. In curs at time7; at locationR;. Look backward in time to
this way, one can obtain a distribution of waiting tim8sk the appearance of earthquakef magnitudemn; at timeT;,
etal, 2002 Corral 2003 Davidsen and Golt2004 and dis-  at locationR;. One can ask, how likely is evengiven that
tances between successive events with epicenters both in thevent j occurred where and when it did? According to the
same cell of linear extent. Since both the threshold mag- null hypothesis, the expected number of earthquakes of mag-
nitude and the length scale of the cell (or the space windowhitude within an intervalAm of m; that would be expected
are arbitrary, one looks for robust or universal features of thisto have occurred within the time intervekT,; —T; seconds,
distribution that appear when these parameters are varied. and within a distance=|R; — R;| meters is

We (Baiesi and PaczuskR004 have previously intro-
duced an alternative method for characterizing seismicityn;; = (consj ¢ 19/ 107" Am . 3)
that completely avoids using fixed space-time windows and,
at the same time, makes available powerful concepts andote that the space-time domain /) appearing in Eq.3)
methods that are being developed to describe complex neis selected by the particular history of seismic activity in the
works (Albert and Barahsi 2002 Bornholdt and Schuster ~ region and not preordained by any observer. The constant
2002 Newman 2003. Here we extend the method to al- term in Eq. B) is estimated by the overall seismic rate in the
low more than one incoming link per earthquake. This al- region over the time span of recorded events and is evalu-
lows the network to deviate from a tree structure and exhibitated later. However, our results are insensitive to the pre-
characteristic properties of complex networks, such as “clus€ise value of this constant, since its value is absorbed into a
tering'2, which may be relevant to characterizing seismicity. threshold we define later,.. We find that many of the sta-
Our method also takes into account, in an unbiased way, thdistical properties of the networks are robust with respect to
an aftershock can be correlated to many previous events. Byarying parameters such as, dy, andb. In particular, we
unbiased, we mean that we do not fix any length, time orcan choosel =2 without substantially varying the results.
magnitude scales for identifying aftershocks. Nor do we fix See alsoBaiesi and Paczusk2004).

the number of events they can be aftershocks of. Consider a pair of earthquakes j) wheren;; «1; so that
the expected number of earthquakes according to the null hy-

pothesis is very small. However, evanactually occurred
2 The method relative to j, which, according to the metric, is surprising.
o . ~ Hence, it is unlikely that the pair would occur in that space-
A general description of our method is as follows: The first tjme domain if they were uncorrelated. A small valyg<1
step is to propose, as a null hy_pothes]ay(neszooa, that _ indicates that the correlation betwegmndi is very strong,
earthquakes are uncorrelated in time. Then we detect inyn vice versa. By this argument, the correlatigrbetween

stances when that hypothesis is strongly violated, indicat-any two earthquakesand j can be estimated to be inversely
ing that the opposite is true. The second step is to aSSig'Broportional ton;;, or

a real number, or metric, that quantifies the correlation be-

tween any two earthquakes, based on gross violations of the;j=1/n;; . 4)
null hypothesis. The third step is to construct a directed net- o . .
work where the events that are correlated according to thé\s we show later, the distribution of the correlation variables

metric are nodes connected by links. Each link contains sev<i/ for all pairsi, j is extremely broad. Therefore, for each

eral variables such as the time between the linked events, th%arthquakq, some exceptional events in its past have much

spatial distance between their epicenter or hypocenters, thaironger correlation than all the others combined. T_hese
strongly correlated pairs of events can be marked as linked

1pavidsen, J. and Paczuski, M.: e-print cond-mat/0411297.  nodes, and the collection of linked nodes forms a sparse net-
2See also: Baiesi, M.: e-print cond-mat/0406198. work of highly clustered graphs. Unless otherwise stated
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Table 1. Network quantities for the Southern California data set, Table 2. Parameters for the network of Southern California ob-

unless otherwise noted. tained with the 2D version of the metric, unless otherwise noted.
Quantity Symbol Value Quantity Symbol  Value
magnitude threshold m< 3 seismicity constant (see E§) const 10711
magnitude precision Am 0.1 correlation threshold c< 104
Gutenberg-Richter exponent b 0.95 number of links Niink 166507
fractal dimension of epicenters dy 1.6 average in-degree (kin) 188
fractal dimension of hypocenters D ¢ 2.6 number of clusters Neluster 2252

number of earthquakes Nnode 8858

Table 3. Parameters for the network of Southern California ob-
tained with the 3D version of the metric, unless otherwise noted.

in this work, earthquakes are linked only if their correlation
value,c;;, is greater than_.=10% or the expected number of
events according to the null hypothesig, is less than 10,

Quantity Symbol Value

seismicity constant (see E) const  1071°

The error made in ignoring weakly linked pairs of events is correlation threshold . 10
discussed later. .
number of links Niink 154792
In the language of modern complex network theo®y ( averaae in-dearee ki) 175
bert and Barahsi 2002 Bornholdt and Schuste2002 g 9 in ‘
number of clusters Neluster 2327

Newman 2003, a time-oriented weighted network grows,
where nodes (earthquakes) have internal variables (magni-
tude, occurrence time, and location), and links between the
nodes carry a strength (the correlatigf) and are directed
from the older to the newer nodes. Empirically, we find that  The relevant quantities for our present work are summa-
both the distribution of outgoing and incoming links are scalefized in Tablesl, 2, and3. Events with magnitude smaller
free. The network is composed of highly clustered, discon-thanm =3 are discarded, andm=0.1. The number of
nected graphs of correlated earthquakes. Events with incorrearthquakes or nodes in the network constructed using the
ing links, or aftershocks, typically connect to many previous entire catalog i$Vnode=8858. Theb-value of the G-R law is
events rather than just one. However, the networks are sparde~0.95 for this data set, whilé;~1.6 was found byCorral
and the number of links in the network is much less (about(2003.
0.1%) than the number of pairs of earthquakes. We find nei- We consider two closely related variants of the metric: in
ther that every earthquake is correlated to every other eventhe two-dimensional (2D) version, the earthquake depth is
nor that events typically are correlated to zero or one pre-not considered, and the distance between two evestsl
vious events, but a picture in between where the number ofs measured as the arc length on the Earth’s surface,
events an aftershock is correlated to is scale-free. _ _

Due to the continuous nature of the link variabtg;, ~ ij =Roarcco$ sin(;)sin®;) +
no event is purely an aftershock or a main shock, and it is cog0;) cog8;) cos¢p; — ¢;)] (5)
not possible to separate events into distinct classes. This
is consistent with previous studies indicating no physicalWwhere the Earth radius ®=6.3673<10° m, and ¢; ¢;) are
distinction between main shocks and aftershodisugh  the latitude and longitude, in radians, of the epicenter of th
and Jones1997 Bak et al, 2002. Note that singularities i 'th eventin the catalogue.
in Eq. @) are eliminated by taking a small scale cutoff in ~ The second version (3D) takes into account the dept
time (heremin=60 s) and a minimum spatial resolution (here €ach event. Hence Euclidean distances between hypocenters
Imin=100m). are calculated,

3 Data and parameters lij=

3
Y o —x4)? (6)
a=1

The catalog we have analyzed is maintained by the Southerp . h

California Earthquake Data Center, and can be downloaded

via the Internet athttp:/_/www.data.scec.org/ftp/catalogs/ xil = (Ro — h;) COSH; COSP;
SCSN! We use data ranging from 1 January 1984 to 31 De- ,, )

cember 2003, and follow a procedure similar to our previous*i = (Ro — hi) COSt; sing; @)

work (seeBaiesi and Paczusk2004) for more details). xl-?’ = (Ro — h;) Sing;


http://www.data.scec.org/ftp/catalogs/SCSN/
http://www.data.scec.org/ftp/catalogs/SCSN/
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Fig. 1. (a) Scale free network of earthquakes obtained with the 2D metric using4 andc.=10% This network has 791 nodes, and

its 7931 links follow the color code in the legend. Several clusters are evident, the biggest being related to the Landers earthquake. The
Northridge cluster, enclosed within a dashed box in (a), is enlargg@d,ivhere the solid black dot represents the epicenter of the Northridge
event.(c) and(d) are obtained using the 3D metric with. =4 andc.=5x10° giving 7947 links, very close to the number of links in the

2D version. Note that the networks found using these two metrics are similar, indicating that the method is robust to variations in the metric.

andd; in the metric is replaced by the hypocenter fractal broad and doesn't pick out preferred values. Second, the dis-

dimensionD ¢, which is approximated a® ;=d;+1~2.6 tributions we compute are weighted using the link weight.

for Southern California. Thus, the 3D metric is Reducing the threshold for included links only adds earth-

guake pairs that give progressively lower contribution to the

final correlation structure. We give later a numerical estimate

Most of the statistical results we find are not sensitive to thefl?r:;hae d?/;rg{amade m_throwmg out these degrees of fregdom.
ge, obviously, is that a sparse network with

choice of the metric, nor to the precise valueshotiy, or . .

. . ) chosen appropriatly, enables us to vastly reduce the size of
Dy. For this reason, we pick as a standard metric the 2Dthe data set from approximately 10-100 Gigabytes to around
version (Eqg.3), and use the 3D metric only when explicitly bp y gaby

10 Megabytes or so, without losing important information
stated. . : about correlations between earthquakes. The network al-
The constant in Eq.3j was estimated to beonst=10-11 ? o TR _
. ! S lows a “renormalization” which removes irrelevant degrees
for the 2D metric using the same method asBmiesi and

Paczuski(2004. However in that work a fractal dimen- ggzgﬁ?g?ésor links with low weights;; while keeping im-
sion of d;=1.2 was inadvertently used to estimatenst '

resulting in a different value. Similarly, here we compute

const=10"1° for the 3D metric, Eq.§). Both values give 4 Results

consistent results, but they are not expected to be precise due

to the high variability of seismicity rates in the region even Networks constructed using our method are shown inEig.
over a time span of years. However, varying the constantsiFor comparison, networks obtained with the 2D metric
constandconst) in our analysis is equivalent to varying the (Figs.la and1b) and with the 3D metric (Figslc and1d)
correlation threshold for linking events,. We observe that are both displayed. For visual clarity, a higher threshold for
many of the statistical results presented below are robust tearthquake magnitudes.=4 was used in order to reduce
variations ofc.. This is primarily for two reasons. First, as the number of nodes and links in the figure. Adjusting the
we will show the distribution of link weight(c) is very parameter . slightly, two networks with a similar number

nij = const’t [Pf Am 1070™i

(8)



M. Baiesi and M. Paczuski: Networks of earthquakes 5

[ o, ‘ ‘ " T Jo 2D metric[" " ] 0 ‘ ‘
x x 3D metric O E”
0o- o 0 7 f\\@\\\ * out
* X e @ A Ny
T A e
2L @ -
5 1 > “ \e\@
< = A ~<
x 2 - 1
$-10- i 8 A e
g & 4 A * S
=N O T~
2 A
-15- , . = “a ¢
O(xf(x N
() xxx \‘\\ *
20- o, -6 2 i
L L | | | | L L L L L
6 4 -2 0 2 4 6 8 10 12 14 . | . | . A»\ ¢
log,,c 0 1 2 3
log,, degree

Fig. 2. The probability distribution of the correlation, between  Fig. 3. The in-degree and out-degree distributions of the network
all earthquake pairs in the data base, with=3, using both the 2D  of earthquakes and aftershocks. The out-dedigg,is the number
metric and the 3D one. They are scale free distributions over manyf outgoing links from an earthquake, linking it to its aftershocks.
orders of magnitude. The thresheld=10" where correlations are  The in-degreeki,, is the number of incoming links to an earth-
considered significant and links are made is indicated in the figurequake, linking it to its main shocks. These two distributions are
Note that, with that threshold, most links are eliminated from the similar. Also shown is the distribution of the weighted number of
network, giving a reduced data set to examine seismic properties. aftershocks P (Nafer), from any event, using=1 in Egs.11 and
12. This has the same scaling behavior as the extremal network,
with n— oo.
of links, with very similar clusters of correlated events are
formed. There is a more abundant presence of long dis-
tance links in the 2D version but the similar details in the fragmented network appears. For small some uncorre-
Northridge clusters (Figlb and1d) suggest that it is mainly lated events make links, and a giant cluster appears. Both for
seismic history that determines the network structure, rathethe 2D and for the 3D case we set=10%, unless otherwise
than the precise details of our metric. noted, obtaining a similar number of links in the realization
of the networks.
4.1 Explanation of method

. e . 4.2 The scale-free network
Figure2 shows the probability distribution of correlation val-

ues, P (c), obtained by sampling the valueg over all éarth- 1,6 regyiting network of earthquakes is scale free. As shown

quake pairs in the data set. Itis afantastiéally broad distribuy, Fig. 3, both the distribution of the number of incoming

tion that exhibits power law behavior over sixteen orders Oflinks or the “in-degreekin, to a node and the distribution of
magnitude (in the 3D case): the number of outgoing links, or the “out-degrégy, to any
P(c)~cT ) node exhibit power law behavior,

with t=1.434+0.03 using the 2D metric and=1.38+0.03 Pkin)~1/kin, P (kou~1/kout (10)
using the 3D one.

Given such a broad distribution, for any earthquake up to a degree=100.
some extreme eventsexist whose correlation;; are much
larger than all the others. Therefore, it makes sense to rep4.2.1  Aftershocks with more than one main shock
resent these earthquake pairs as nodes that are linked, while
not linking pairs that have much smaller values:gf Then  Since an earthquake can have more than one incoming link,
the sequence of earthquakes may be usefully represented agmaattributing aftershocks to an event we must be careful not
sparse network, where links exist between the most stronglyo overweight aftershocks with many incoming links. To pre-
correlated events, i.e. those pairsj) wherec;;>c.. Hence  ventthe overcounting of aftershocks, one can consider a new
a natural decomposition of the network into disconnectedevent with two incoming links, for example, to be “half an
clusters is achieved, where the first earthquake in the directedftershock” of both of its precursors, or they can be weighted
cluster has no incoming link, or correlation variable into it in a different fashion according to their correlation values. In
greater thamr .. Clearly, the first earthquake in the entire cat- general, we can attribute the relative correlation to previous
alogue also no incoming link. The correlated events are reli-events, so that each event contributes a total weight of unity
ably detected whean. is greater than one but not extremely to the global aftershock number if it is linked to at least one
large. In the latter case, correlated events detach, and a veprevious event, and zero otherwise, as follows:
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‘ T x N (M) 4.2.2 |s seismicity driven by small or large earthquakes?
~~.-0.5
T N_ (m
o sosuge ; Dfuz(m))m ] The average number of aftershocks of an earthquake of mag-
10 . <IN n nitude m has been proposed to scale with(Utsu 1969
AT Kagan and Knopoff1987 as
E ’0"‘ "Q,‘ Y * ¢ p
;__0.15 A * \""m.‘o :‘ Nafter(m)~10°" . (13)
P 444, Mhagadiada, L a . A e el . s
102 nx“-‘{m____g_:‘p - Larger main shocks release more energy and therefore “trig-
o 4 OA(; """""""" ger” more aftershocks than smaller earthquakes. However,
pepacPooRo R pacte. e O smaller earthquakes are more frequent, as indicated by the G-
© R relation. The total number of aftershocks generated by all
o) (e} 4 . . .
r o o ¢ earthquakes of magnituaeis therefore given by the product
0% \ | 20 ., L |4 of these two relations as
2 3 4 5 6 7
megnitude N1ot(m)=Nafiedm) P(m)~101~"" . (14)

Fig. 4. The total number of outgoing links from all events of mag- |f the exponent>b then small earthquakes are the dominant
nitudem (diamonds), the total number of weighted aftershocks of triggering mechanism for seismicity, whereastif< b the
all events of magnitude (triangles) and average number of incom- large earthquakes dominate aftershock production. Often it
ing links ({kin (m)), circles and histogram) as a functionef The  is assumed that=b (Kagan and KnopoffL987 Reasenberg
first two quantities have a scaling consistent with the tab*™”, and Jones1989.
with o"~5—0.5~0.45 for outgoing links, and~»—0.15~0.8 for Recently, Helmstetter(2003 analyzed earthquake cata-
Xgﬁ?:]zdaszzsz(igzéquiféng» dtrl?rs ||_s no evident departure 0,65 by means of a "stacking” method using space-time
g in)=188 (dotted line). windows, and found that aftershocks were predominantly
triggered by small earthquakes. She determined the value of
For each evenj that has at least one incoming link, so the exponeni to be betweea=0.72 anda=0.82, depend-
that it can be called an aftershock, define a weight for eacting on the parameters of the aftershock detection algorithm

“parent” earthquake it is linked to as that she used.
n Figure 4 shows Ntot(m) obtained using the 2D metric
wij= .CiJ‘ ’ (11) with n=1. The results shown in this figure also suggests that
Yr e small earthquakes are the dominant mechanism driving af-

tershock production. We determine the value of the exponent
a~0.8, consistent with Helmstetter’s previous findings. Thus
at this rather detailed level, results obtained using our method
are consistent with results obtained using traditional meth-
(12) ods of aftershock detection. This is true despite the fact that
aftershocks in our algorithm are typically attached to many
) . . previous events rather than just one, and no space-time scales
Here, the sum is over all of the outgoing links from event ;. | ,seq by us for aftershock identification.

i In the limit thaty— oo, the extremal network studied by gjgre 4 also shows the total number of links emanating
Baiesi and Paczusk2004) is recovered, since only the single ¢.0"avents of magnituder, Now(m). This corresponds to

incoming link to aftershocl, with the largest correlation;, an unweighted aftershock number, witli(m)~10~©@'~»
contributes. In that case, for each node, the quanilier  anq4’—0.45. Since botl anda’ are less than, our results

discussed here coincides with the quantiy: in Baiesiand g, ggest that irrespective of the manner in which aftershocks

Paczusk{2004. In the following, we consider the cage-1. 5o \yeighted, small earthquakes are the dominant mecha-
~Sampling over all earthquakes, we get a probability higm griving aftershock production. Note however, that the

distribution for the number of (weighted) aftershocks as largest events may appear to present a deviation from this

also shown in Fig.3. It is a power law distribution,  henayior, but the statistical uncertainties of single events are
P (Natte ~(Nafter) 7 scaling over more than three decades, large.

with an indexy=2.0(1). This distribution is very close to

the distribution we obtained previously for the number of af- 4.2.3 Bath’s law

tershocks in the extremal network, corresponding to the limit

n—o00. The distribution for the number of weighted after- In Fig. 4, we also show the dependence of the number of
shocks appears to be universal, in the sense that the pow@rcoming links to a node on its magnitude. The quantity
law exponent does not dependmrfor n>1. Note that chos-  (kin(m)), is the average number of incoming links to earth-
ing a positiven gives more weight to more strongly corre- quakes of magnitude:. This quantity is independent of
lated pairs and is therefore consistent with using a threshol@arthquake magnitude for<3:<5. For larger magnitudes,
¢ to eliminate weakly correlated ones. the poor statistics forces us to averagém) over wider bins,

where the sum is over it all earthquakiesvith links going
into j. The weighted number of aftershocks attributable any
eventi is then

out

Nafteri = E Wij
J
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chosen so that there is a significant number of events inside
each one. These averages are indicated as horizontal lines i
Fig. 4, while vertical lines denote the bin boundaries. The
averages do not show any detectable trend for larger earth
quakes. i o e,
Our results suggest that earthquakes of all magnitudes are _ "o s \
equally likely to be aftershocks, and support the conclusion % 0.1- ~ :,. ’ KT
reached byHelmstetter and Sornet(2003 that observations " (o ¢ =10° o e ]
of Bath's law are due to biases in labelling earthquakes as I ) ‘
aftershocks. According to&h’s law Bath 1965, the av-
erage magnitude difference between a main shock and its .
largest aftershock is around 1.2, independently of the main ,
shock magnitude. Of course, the definitions we use here 0.0l ——— g ———"""455——""""550
for main shocks, as nodes giving outgoing links, and after- k
shocks, where nodes have incoming links (so that a single
event can be both a main shock and aftershock), differs fronfig. 5. The network density, or clustering coefficient as a function

the standard definition. of the degreek, of a node, wher&=k;,,+k,,;. For small val-
ues ofk, the clustering coefficient is independentkofindc ., and
4.2.4 Clustering of nodes C~0.80. For large values o, C (k) tends toward power law be-

havior C (k)~k—?, with §~1.3. The power law regime takes place

Among the concepts in network theory that may be useful@t smaller for larger thresholds...
to characterize seismicity, and are not accessible via other
approaches, the clustering of nodes deserves particular atten-

tion. Indeed, the clustering in space and time of earthquakeg‘”th §~1.3 for Igrge values Ok This power law behavior is
can be quantified in their network by the clustering coeffi- typically found in networks with a modular structufdvasz

cient. The clustering coefficient of a nodes the numben; and BaraBsi 200_3' At smallk, C (k) ap_proaches a univer-
of linked triangles it forms with it&; neighbors (or equiv- 52 value approximately equal to8) which is independent
alently, the pairs of linked neighbors) divided by the max- ©f kK and of the thresholds.. andm - used to construct the

imum number of linked triangles it could potentially have network. The power law exponediiat large values of ?ISO
(ki ki —1)/2), i.e appears to be independentaf, and may also be a universal
l 1 g felen

guantity for seismic networks.
_ 2A;
Ckitki — 1)

This definition ignores the directionality of links. Thus, in
this formula the degree of node is the sum of its incom-
ing and outgoing degrees, i.&.=k; in+k; out. In all cases
0<C;<1, andC;=0if less than two links are joined to node
or if no links between its linked neighbors are present, while
C;=1 only if all neighbors are linked to each other.

Using Eq. (5) to compute the average clustering coeffi-
cient of the network,

(15)

C;

4.3 Scaling Law for aftershock distances

In the network constructed using the 2D metric, the link
length,/, is the distance between the epicenters of an earth-
guake and one of its aftershocks, weighted according to the
link weightw. In the corresponding network constructed us-
ing the 3D metric, the link length is the distance between
the hypocenters of an earthquake and one of its aftershocks,
weighted according to the link weight. The distribution

P, (1) of link lengths depends on the magnitudef the pre-

1 Nnoge decessor, being on average greater for langefo compute

G (16) this distribution, we put the weight of each link into a bin
corresponding to ité value and the magnitude of the prede-

we obtainC=0.50 for m -=3. This value is relatively stable C€ssorm to get P, (/). A maximum in the distribution oc-
with respect to variations of —. For instance, witlm .=4.5  curs, which shifts to larger on increasingn, as shown in
we getC=0.55. The same values are obtained for the 3D Fig. 6. This behavior is superficially consistent with using
version of the metric. These are remarkably high values of@rger space-time windows to collect aftershocks from larger
C, compared to many other complex networks, such as tech€vents, or th&kagan(20023 hypothesis of aftershock zone
nological or biological onesNewman 2003. scaling with main shock magnitude.

C=
Nnode i—1

4.2.5 Universal clustering properties of seismic networks 4.3.1 Comparison with aftershock zone scaling

The average of the clustering coefficient can be performedt is widely believed that an aftershock zone exists which
over nodes with the same degreeThis quantity is shown is equivalent to the rupture length. Within the aftershock
in Fig. 5, where one can observe that it does not depenid on zone, earthquakes generate aftershocks, while outside the
for small values ok and approaches a power lak)~k zone they do not. The rupture lengt®, is believed to scale
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distances, but rather decays slowly as a power law iyitip

to the linear extent of the seismic region covered by the cat-
alog, hundreds of kilometers. The two distributions are both
consistent with a scaling ansatz:
Pu(D=107°"F(1/10°™) (17)
wherel is measured in meters atix) is a scaling function.
Remarkably in both cases~0.37. Note in particular that
0#0.5.

Forx>>1, the tail of the scaling function is a power law, i.e.
F(x)~x"* with A~2 (2D) or A~2.6 (3D). The results ob-
tained using the data collapse technique applied using ansatz
(17) are shown in the insets of Figga and6b. Such slow de-
cays at large distances calls into question the use of sharply
defined space windows for collecting aftershocks, as already
pointed out by Ogata(19983. The length scale we find
1 ~10°3™ to describe the fat-tailed distribution of distances
between earthquakes and their aftershocks should not be con-

fused with the scaling of a finite aftershock zone as proposed
by Kagan(20023. Instead, our results are consistent with
observations of remote triggering of aftershocksHilyet al.
(1993 andGomberg et al(2001) as well as the observation

i that the distribution of distances between subsequent earth-
quakes in regions of sizk is a power law, not trivially given

by the correlation dimensioml, of earthquakes, and which

is cutoff only by the size of the regioh (see footnote 1).
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4.4 The Omori law for earthquakes of all magnitudes
Fig. 6. Link length distribution for different magnitudes of the
emitting earthquake(a) for the 2D case angb) for the 3D one.  Figure7 shows the rate of aftershocks for the Landers, Hec-
The length where the maximum in the distribution occurs increasegor Mine, and Northridge events, obtained with the 2D met-
with magnitude roughly agnax~10°3"" in both cases. Both dis- ric. The weights,w, of the links to aftershocks occurring
tributions also have a fat tail, extending up to hundreds of kilome- 5+ time s after one of these events are binned into geomet-
ters even for intermediate magnitude events. These distribution?iCaIIy increasing time intervals. The number of weighted

are consistent with a hierarchical organization of events, where bi . .. .. .
earthquakes preferentially link at long distance with intermediate ftershocks in each bin is then divided by the temporal width

ones, which in turn link to more localized aftershocks, and so on.Cf the bin to obtain a rate of weighted aftershocks per second.
Insets: Distributions rescaled according to Etif)(with 0=0.37  1he same procedure is applied to each remaining event, not
and withm equal to the central magnitude of the range for eachaftershocks of these three. An average is made for the rate
distribution. of aftershocks linked to events having a magnitude within an
interval Am of m. Figure7 also shows the averaged results

for m=3 (1871 events)p=4 (175 eventsyn=>5 (28 events)
asR~10°>" with the magnitude of the main shock. Thisisa andm=5.9 (4 events).

restatement of the relation derived Kgnamori and Ander-
son(1979, who argued that the seismic momeit-101->"
scales withR asM~R3

The collection of aftershocks linked to earthquakes of all
; i i magnitudes is one of the main results of our method. Even
, at least for intermediate magnitude jntermediate magnitude events can have aftershocks that per-

earthquakes. For a generalization to all earthquakeXaee g up to years. Earthquakes of all magnitudes have after-
gan(20023. In this scenario main shocks of all magnitudes gpocks which decay according to the Omori la@nfori
generate aftershocks at the same rate within their respectiveggs Uty et al 1995 '

aftershock zones, so that the greater number of aftershocks

coming from large events is due solely to their larger after-

shock zones. Needless to say, the observation of aftershodk(’)”c—_H )

zone scaling is based on the idea that the aftershock zone

is finite — on the order of tens of kilometers for large main wherec andK are constant in time, but depend on the mag-

shocks. nitudem (Utsu et al, 1995 of the earthquake. We find that
In contrast, we find the distribution of lengths between the Omori law persists up to a decorrelation tirgos that

main shocks and their aftershocks exhibits no cutoff at largealso depends om.

forr < feutoff (18)
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Fig. 7. The Omori law for aftershock rates. These rates are mea+ig. 8. Decorrelation timeicoff Of the aftershock rates to fall out
sured for aftershocks linked to earthquakes of different magnitudesof the Omori regime, as a function of the earthquake magnitude.
For each magnitude, the rate is consistent with the original OmoriThe horizontal line indicates 20 years, i.e. the time span of the cat-
law, Eq. @), up to a cutoff time that depends an As guides to the  alogue. The dashed line is the interpolation given in 2g).(

eye, dashed lines represent a decdy't. The dense curves rep-

resent the fits obtained by means of EtP)(for m=3, m=4, and

m=>5. 5 Discussion

At present, we are unaware of any reliable method to de-

A rough estimate of the decorrelation times can be ex- ; .
termine the best metric. Thus, the best route to study how

tracted by non-linear fits of log v, (¢) vs. logg¢, using an

interpolating function sensitive the results are to variations of the metric or to the
parameters of the metric. Although we have not yet made an
VU (£)~t Lo Touott (19) exhaustive and detailed study to determine which properties

) ) may be universal and hold for many different metrics, several
The range of the fit excludes short times, where the the af'general conclusions are already apparent.

tershock rates are not yet scaling &$.1The short time de-

viation from power law behavior is presumably due to sat-5 1 Rgpustness with respect to changes in parameters
uration of the detection system, which is unable to reliably

detect events happening at a fast rate. However, this probyany of the statistical results we find are relatively robust
lem does not occur at later times, where the rates are lowe{yii, respect to variations in the metric. For instance, using
_Some ex_amples of.these fits are also shown in Figr the both the 2D metric (Eq3) and the 3D metric (Ec), simi-
intermediate magnitude events. lar networks are found as indicated qualitatively in Fig. 1. In

In Fig. 8 we show the resulting values fioft, for m Up  4qdition, the scaling behaviors demonstrated in Figs. 2—7 are
to 6. The horizontal dotted line represents the time span of,gjependent of the metric, with the notable exception of the
the catalogue we study, which precludes accurate estimates,nonenp. characterizing the fat tailed distribution of after-
of much longercuwtt. Thus, from the rates of aftershocks gpock distances. However, the exponerfor the rescaled

of events with 3:m<4.6, where the time span of the cata- \ariable combining main shock magnitude and aftershock
logue is comparable or longer than the estimated decorrelagisiance is independent of the metric, as is the Omori be-

tion time, we find that the increase Qfiwofr With m can be  hayior. Furthermore, the distribution of correlatioRgc)

fitted by the function depends only weakly on the metric, and the scale-free and
teutofi(m)~10°251074"  gac (20) clustering prope'rties of the network are insensitive as well.
One could object that the values afd ; and Dy can de-
represented as a dashed line in F8g. It roughly corre- pend on the region of the Earth being considered, or may
sponds tacuioff~11 months fom=3, and torcuiofi~5 years fluctuate depending on the specific fault zone being studied.
for m=4. An extrapolation yieldsiof~1400 years for an However, the statistical results we find, as shown in the fig-
event withm=7.3 such as the Landers event! However, we ures, are also robust to variations in either of these parame-
stress that Eq20) is just rough estimate Gfytoff(m1). ters, or of the threshold .. This robustness was also found
Note thatHelmstetter(2003 also found an Omori law in the Baiesi and PaczuskR004 studies of the extremal
for aftershocks of earthquakes of all magnitudes using finiteearthquake network. For instance, varyihg over a wide
space-time windows. However, for this reason, she was notange, from 1 to 2 does not alter considerably the distribu-
able to estimate the decorrelation of aftershocks or the cutoffion of incoming or outgoing links. The distribution of cor-
in the duration of the Omori regime for different magnitudes. relationsP (c) is even more insensitive to variationsioénd
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dy. Also the Omori law withp~1, shown in Fig7, doesnot 5.3 Bench mark test for models of seismicity

depend sensibly on the parameters, and holds for aftershocks

linked to earthquakes of all magnitudes. The statistical properties of the network of seismicity we find
Our interpretation of this observed robustness is that thef@n be used to test various models of seismicity. A self-

correlation structure of seismicity is unambiguous and clear-°rganized critical model proposed I§ylami et al. (1993

cut, and has a network structure similar to other complex net€xhibits & universal Gutenberg-Richter law for earthquakes

works. Even if we use an approximate measure, or metric(Lise and Paczuski200]), independent of the dissipation

the underlying correlations are sufficiently strong that theyParameter, as well as foreshocks and aftershddksgarten

survive the approximation and can be reliably detected. and Neugebaug2002. However, no evident self-organized
spatial structure corresponding to the recurrence of earth-
52 Errors and data set reduction quakes on a heterogeneous system of faults exists. For this

reason, we believe it is unlikely that this model can reproduce

One could also object that the parameteris arbitrary, and the opserved network. properties of seismicity. Although
its choice plays a similar role to choosing space-time win-N0 satisfactory dynamical model of the self-organization of
dows in the traditional manner. However, one can considefthe Earth’s crust and resultant seismicity exists at present,
all pairs of earthquakes, using their weights, so the pa- a stochastic branching process, known as the ETAS model
rameterc_ is conceptually unnecessary. This differs from (Kagan and Knopoff1987 Ogata 19983, or its spatially

the necessity of choosing space-time windows in the tradi-€xtended versionHelmstetter and Sorne{t2002) could be
tional approach. However, as a practical matter, to reducd€Sted by constructing a network using our method for par-
the size of the data set, it is useful to choose a partieular t|(_:ular realizations o_f that_process in space, tlme and mag-
and thereby construct a sparse network. The choice involve§itude, and comparing with our results. For instance, the
a trade-off between the amount of data stored, and the acci@PPearance of the scaling variabl@~" combining spatial
racy of the representation of seismicity one can make usingliStances with main shock magnitude could be ascertained.
that data set. From the distributioh(c) shown in Fig. 2, Since thg distance variable between_motherdaughter pairs in
and from the average number of incoming lirfks,) with a the spatl_ally_extended_ETAS model is chosen from a power
given choice of., we can estimate the error made in throw- aw distribution, &(r), independent of the parent's magni-
ing out weak links. The average correlatiorcontribution  tude, this model is unhkely_t_o reproduce observed behavior
from all of the~ Nnoge=8858 incoming links that are pruned and would have to be modified. Conversely, one could also

from any earthquake when imposing the threshalds check if our method of constructing networks linking main
shocks and aftershocks correctly identifies mother-daughter
< o pairs given by the algorithm of the ETAS process or if there
Nnode/ cP(c)dc~ANnodeeT © (21)  might be differences.
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