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We propose a metric to quantify correlations between earthquakes. The metric consists of a product involv-
ing the time interval and spatial distance between two events, as well as the magnitude of the first one.
According to this metric, events typically are strongly correlated to only one or a few preceding ones. Thus a
classification of events as foreshocks, main shocks, or aftershocks emerges automatically without imposing
predetermined space-time windows. In the simplest network construction, each earthquake receives an incom-
ing link from its most correlated predecessor. The number of aftershocks for any event, identified by its
outgoing links, is found to be scale free with exponent2.0(1). The original Omori law withp=1 emerges
as a robust feature of seismicity, holding up to years even for aftershock sequences initiated by intermediate
magnitude events. The broad distribution of distances between earthquakes and their linked aftershocks sug-
gests that aftershock collection with fixed space windows is not appropriate.
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I. INTRODUCTION A guantitative metric of the correlation between any two

Earthquakes exhibit complex correlations in space, timegarthquakes, or the extent to Which_ one can b_e considered an
as well as magnitudgl—6]. Sequences of earthquakes oftenaftershock of another, may be crucial for solving these prob-
appear related to main shocks of large magnitude, which ar€ms, and for developing a better understanding of seismic-
followed in time by nearby smaller events. Sometimes, thdty. Such a metric should include known statistical properties
main shock is also preceded by a few intermediate or smalledf seismicity that are robust with respect to the space-time
precursor events. Earthquakes can also cluster as swarnygndow chosen by the observamlike previous methods of
where the seismic activity is not distinctly associated with aaftershock identification One robust law is the Gutenberg-
main event. Human observation tends toward labeling thesRichter (GR) distribution [4] for the number of earthquakes
events depending on their relative magnitude and their posief magnitudem in a seismic region,
tion in the space-time sequence: foreshocks, main shocks,
and aftershocks, respectively. However, in defining after- P(m) ~ 107°™ (1)
shocks, it is clearly necessary to distinguish them from what
is called background seismicity, and to assign to each one i#ith b usually =1. Another is the fractal appearance of
correct main shodk). Although an observation by eye of the earthquake epicenterd, 3,11, with fractal dimensiond;.
evolving seismic situation can support a classification, a preThese are both general statistical laws that hold over the
cise label for each event may be intrinsically impossible. ~entire Earth’s surface, wherever earthquakes have been sys-

In the most popular approach, aftershocks are collected bigmatically collected. However, the observed expondnts
counting all events within a predetermined space-time winand d; may vary slightly depending on the seismic region
dow [7-10 following a main eventsee Fig. ], where both  and time span considered.
the main event and the space-time window are chaspri-
ori by the observer. Of course, the identification of after-
shocks will change by altering the space-time window. Also,
the method does not define the probability that an event
thereby collected is actually correlated to the main event un-
der consideration. Maybe more importantly, one does not
know whether the selected space-time windows are too large
or too small for minimizing errors in the procedure. A more
subtle issue is to define aftershocks of aftershocks. If an af-
tershock can have more than one preceding large event,
which of these should be regarded as the most important or
correlated one? These remarks point to a fundamental ques-
tion: are aftershocks invariant observables of seismicity? In 0.5 1
partlcu_lar, can one define aftershocks without using space- time [arbitrary units]
time windows selected by the observer?

[S—

e
W

[arbitrary units]

radius

2

FIG. 1. (Color online Schematic examples of space-time win-
dows used to collect aftershocks: the usual rectangular or convex
*Electronic address: maya@ic.ac.uk window (dashed lingand our hyperbolic, concave windashaded
region).
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Combining these two laws, the average number of earthrodes carry a weighthe metricn;; or its inversec;;) and are
quakes of magnitude within an intervAim of m, occurring  directed according to the time orientation, from the older to

in an area of radius over a time interval, is the newer nodes. Empirically, we find that both the distribu-
_ d b tion of outgoing links and the cluster size distribution are
n=C 7r%Am10™, (2)  scale free. Due to the continuous nature of the link variable

njj, no event isa priori purely an aftershock or a main shock.
However, due to the broad distribution mf observed, main
shocks and aftershocks emerge as extreme limits of a con-

ward in time, how many earthquakes of magnitude within arﬂnuous _spectrum of the extent to which any given event can
interval Am of m would be expected to have occurred within | e considered to be a precursor or aftershock of other events

a time intervalt, and within a distancé, of that specific in th_e sequence. . . N
event? In fact, am value can be defined between any two Since the space-time-magnitude scales appearing in Eq.
eventsi andj occurring in the sequence at timgsand T, (3) are selected by t_he actual sequence of_e_vents, the vari-
with T; <T;. If we take the magnitudey, of theith event, the ablesnij. can be ponsudered to be sglf-orga}nlz!ng tags of the
spatial distancé=1;; between the two earthquake epicenters,u_nderly'_n_g phy5|ca_l process governing seismicity. Note th_at
and the time intervat=t; =T,~T, the expected number of s_lngular|t|es are eliminated by ta_kl_ng a small_scale cut(_)ff in
events of magnitude withidm of m; occurring in the par- time (herety,=180 seg and a minimum spatial resolution

. e ) . o (herel,;n=100 m).
ticular space-time domain bounded by evengndi is Our approach was inspired by a recent analysis of earth-

Ny = Ctl%Am 107Pm (3) quake waiting times by Bakt al. [6,14]. They introduced a
) o . space-time-magnitude scaling variable that allows a data col-
Note that the domain appearing in H) is selected by the |apse of the distribution of waiting times between subsequent
particular history of seismic activity in the region and not earthquakes larger than a specified magnitude, occurring
preordained by any observer. within grid cells of a specified size, covering nonoverlapping
Of all the earthquakes precedingthe most unlikely 0 areas of the Earth. Also, Abe and Suzuki found scale-free
occur according to Eq(3) is earthquake such thatn; is  networks for earthquakes in a completely different context,
minimized wheni=i". However, earthquake actually oc-  \yhere nodes representing these grid cells were linked when
curred relative toj, even though it was the Ieast. likely to subsequent earthquakes occurred in thesh However, nei-
have done so. Therefore,must be the event to which earth- ther of these works quantified the correlation between an
quakej is most correlated. In general, if;<1, then the  arbitrary pair of earthquakes, or dealt with the subject of
correlation betweepandi is very strong, andice versaBy  aftershock identification.
this argument, the correlation; between any two earth-
quakes andj is inversely proportional tay;, or

whereC is a constant depending on the overall seismicity in
the region and time interval under consideration.
For any earthquakgin the seismic region, looking back-

Il. DATA AND PARAMETERS

Gy = L/ The catalog we have analyzed is maintained by the South-
As we show later, the distribution of the correlation variablesern California Earthquake Data Cengércan be downloaded
cij (or their inversen;) for all pairsi,j is extremely broad. from the SCEDC web site http://www.scecdc.scec.org/ftp/
Therefore, for each earthquakea few exceptional events in catalogs/scsn for which Am=0.1. It is considered to be
its past have much larger correlation than all the oth€se  complete for events wittn>2. We use data ranging from
of these will be the extremal eveiit) These strongly corre- January 1, 1984 to December 31, 2000. In order to work with
lated pairs of events can be marked as linked nodes, and tiewell-defined ensemble, a lower threshold on the magnitude
collection of linked nodes over all earthquakes forms a netis introduced: events with magnitude smaller than are
work. discarded. For each event, its positioin the sequence is

The metric defined by Eq3) allows a classification of used as a label, and we record the magnitumgethe occur-
aftershocks. Further, the question of which is the better canence timeT; (measured in seconds from midnight of the first
didate to be the foreshock of an event can be quantitativelgay), and the latitude and longitude of the epicenteon-
decided. Hierarchical clusters of earthquakes emerge, iderted to angles measured in radiagjsand ¢;, respectively.
which the biggest event in the cluster is called the mainThe distance between two eventsndj is then measured as
event, but where possibly later aftershocks create their owthe arc  length  on the Earth’s surface,lj;
sequences of aftershocks, whenever they are able to “steat'R, arcco$sin(6,)sin(6;) +cog 6,)cod 6;)cod ¢ — ¢;) ], where
aftershocks from the main event, and so on for further genthe Earth’s radius iR,=6.3673x 10° m.
erations of aftershocks. Nevertheless, earthquakes are auto-The b value of the GR law i9=0.95 for this data set,
matically collected into hierarchically self-organized clus-while di=1.6 was found by CorrgtL4] using a box counting
ters, or networks, without any special preanalysis of singlgrocedure. It is consistent with the correlation dimension we
event properties, or selection of space-time windows. measure for most of our clusters. However, many of the sta-

In the language of modern complex network theorytistical results we find are not sensitive to the precise value of
[12,13, what we achieve is a time-oriented growing networkd; or b.
where nodegqearthquakeshave internal variablegmagni- With these units and values, the const@ntan be esti-
tude, occurrence time, and locatjpmand links between the mated using Eq(2). However, a precise evaluation 6fis

066106-2



SCALE-FREE NETWORKS OF EARTHQUAKES AND. PHYSICAL REVIEW E 69, 066106(2004)

5
AN
0
3445 S 5
Ry
2
20
3430°
-15
_20 . I . L . L L | L 1 L 1 L 1

Y6 4 2 0 2 4 6 8 10
log, ¢

3415

FIG. 3. The probability distribution of the correlati@rbetween
all earthquake pairs in the data base, with=2.5. It is a scale-free
distribution over more than thirteen orders of magnitude.
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exhibits power law behavior over more than 13 orders of
FIG. 2. (Color onling Scale-free earthquake network around magnitude:

Landers epicentdclusterA, red onling and Hector Mine epicenter

(clusterB, blue onling. Colors fade with the aftershock generation,
from darker to lighter within each cluster. Note that the big event P(c) ~c™ with 7=1.5+0.05. (4)
following the Landers earthquake, giving rise to its own subcluster

f r h istribution of values=1/c is al
(A4, orange onling of aftershocks, is not a first generation after- ov?erc|3l\jvsF>e(,r1)t~en—ccjuSt\,vi?ﬁtg+70:2 aIrL:et?ﬂs (/:35;135)56‘
shock, since it has no link from Landers. Heme =4 and n. P ! ’ S

102 Given such a broad distribution, for any earthquaka few
extreme events exist whose correlations; are much larger

, . i , than all the others. Therefore, it makes sense to represent
not possible, becauseis the mean of a variable with huge hege few earthquake pairs as nodes that are linked, while not
variations in space and time. We have measuréaf several  |inking pairs that have much smaller valuesgyf Then the
circular windows well inside the zone covered by the Cata'sequence of earthquakes may be usefully represented as a

log, fmdw;nglCT - For simplicity, our choice in this paper gparse network, where links exist between the most strongly
is C=10"". Most of our results are insensitive to the precisé.qrrejated events. In the simplest implementation, earth-
value ofC because we focus on relative, rather than absolut@luakej links solely to itsextremal predecessof which has

correlations between a pair of events. Throughout this papgpe largest; .

we use, unless otherwise stated, the above mentioned Va'“eS’Construcq[ing the extremal network, each new earthquake
and a lower thresholan.=2.5. For this value oim., the j aiaches with a single link to the previous earthquake in the
number of nodes in the network constructed using the e”t'rgequence that minimizes (or maximizesc;), with a weight
ca_talog iSN=28398, while, e.g., fom-=4, as per Fig. 2, genoted as’. Hence, each link carries the extrenmlfor
N=902. Other than changing the cutoff where finite systemyg aqded nodg relative to all previous nodes, and globally
size effects appear, the precise valuerof>2 has no effect 5o gptains a growing directed tree. Links with smal

on the statistical properties of the network we report here. ,gicate a stronger correlation between the emitting node and
_ To simplify notation, we denote the probability distribu- e receiving one, and are expected to identify events nor-
tion of a generic quantitg asP(q). On finding distributions 5y cjassified as aftershocks. Weak links with langarise

decaying as power laws, a clearer result appears by binningnen none of the previous events are sufficiently strong, and
the values ofP(q) in properly normalized bins of a width ¢|ose in space and time to eventClearly, the first earth-

that grows geometrically witk. quake in the time series has no incoming link.
A natural decomposition of the network into clusters is
IIl. RESULTS achieved by then removing all weak links whete>n., and

n. is a link threshold value. The correlated events are reliably
A part of the network constructed using this method isdetected whem, is less than 1 but not extremely small. In
shown in Fig. 2. Hierarchically organized clusters of earth-the latter case, correlated events detach, and a very frag-
quakes emerge, where the links join aftershocks with theifented network appears. For large some uncorrelated

most correlated predecessor. events make links, and a giant cluster appears. The resulting
space-time windows are concaygee Fig. 1, and Conclu-
IV. EXPLANATION OF METHOD siong, at variance with the convex windows usually used.

In order to quantitatively assess the properties of this net-
Figure 3 shows the probability distribution of correlation work, we start by analyzing the distribution of link weights
values,P(c), obtained by sampling over all earthquake pairsP(n’). This distribution exhibits power law behavior with an
in the data set. It is an extremely broad distribution thatexponent=-1 up to a cutoff, as shown in Fig. 4. The distri-
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FIG. 4. (Color onling The distribution of link weightsn®, for FIG. 5. (Color online The degree distribution of the network of

sequences of different temporal duration. An average over all nonearthquakes and aftershocks. The out-dedrée the number of
overlapping time intervals of the same duration is shown. Theaftershocks linked to an earthquake. The introduction of a threshold

power law behavior is stable to variations in the duration. Howevern_ does not alter the observed behavior. The dashed line has slope
the cutoff moves to smaller” on increasing the measurement time -2, indicating a scale-free degree distributiBtk) ~k™” with y

interval as weakly linked earthquakes find more correlated prede~ 2.
cessors further in the past. The vertical dotted line represents the
estimated transition pointy}, for the giant cluster. The straight

) with a preferential attachment model or other model for
dashed line has a slope -1.

scale-free networks discussed so far in the literature.

bution of correlations between linked nodes in the extremal
network P(c") is also a power lawP(c’)~1/c". Such a B. Clusters and the giant component
broad, continuous distribution, without particular character- Lowering the link thresholah, from infinity, the fully con-

istic peaks, indicates that a division of earthquakes into rigithected network breaks into clusters, in a percolationlike tran-
classes is intrinsically impossible. Instead, a continuum o&tion from a giant component to a finite cluster regime. As
possibilities ranges from clear aftershocks, which have afy, percolation theony21], the fraction of nodes in the big-
inpoming link yvith ;malln , to gvents that are_independent, gest cluster(6) is a good order parameter, displaying two
with an incoming link 9f largen’, but may emit many out- jstinct regimes, meeting at a point marked by an arrow in
going links with smalin’, and would be called main shocks. Fig. 6. Aboven,=10"! in the phase with a giant component,
6 grows quickly withn,, while belown.=1072 in the finite
cluster regime, it increases much more slowly with We
estimate the transition to take place betwegr10' and
The resulting network of earthquakes is scale free. The, =102 This estimate is consistent with that obtained by
number of aftershocks of an earthquake is equal to the numexamining the distribution of cluster sizé§ which is the
berk of outgoing links from the node representing that eventiotal number of earthquakes in a connected cluster, as a func-

In the language of network theory, this is called the out-tion of n, (see Fig. 7. Near the transition, the cluster size
degree of the node. Figure 5 shows that earthquakes in

A. The scale-free network

Southern California form a scale-free network, with an out- 1 . 8008

degree distribution scaling over more than three decades, =y Ak 3

with an indexy=2.0(1). 0.8 i =5 x ]
Recently, many scale-free networks whik) ~k™” have o m: =25 S

been discoverefll2,13 in a broad variety of contexts. These 0.6 °© ,

include the Interneftl6], the citation network, and the world- @ gf

wide web[17], which are man-made; protein interaction and 0.4F &~ ,

genetic regulatory networkfl8,19, which are products of l®§

biological evolution; and the solar coronal magnetic field 0.2F W@QX _

[20], which is physical network embedded in three- *8655555

dimensional space formed by turbulent magnetohydrody- dg%é’sé&f‘?  — e

namic forces at very high magnetic Reynolds number. The 10g2 n
aftershock network found here appears to be in a separate 10
category from all previous examples. As we show later, F|G. 6. (Color onling Order parameter for the percolationlike

many other characteristics, in addition to the out-degree disgansition from a giant component to a finite cluster regime. Frac-
tribution, of the aftershock network are scale-free—as demtion of nodes in the biggest cluster as a function of the threshgld

onstrated in, e.g., Figs. 4, 8, and 9. These other propertigsr three values ofn.. The arrow marks the boundary between the
make it unlikely that the aftershock network can be describedwo regimes we expect.

066106-4



SCALE-FREE NETWORKS OF EARTHQUAKES AND. PHYSICAL REVIEW E 69, 066106(2004)

O'@ i , ‘ | ‘ i ‘ -27| T 1 T T T ]
e 1 |
O | - | 4
= b 8 & O 5 b
Q~‘o -4 8 o) ] = O y
= * =
=20 5 O ; =
= % 4 e _glo—om=35. ]
q0) )
-6+ kLB : = Am=35.9
~Ot+tVo L +—m = 6.7 (Northridge)
~Q o 10k —=m="7.1 (Hector Mine) 4
N T ST o —m= 7.3 (Laqders) | ™
% 1 2 3 4 5 Smin 1hr lday 1month 1yr 10yr
log,, N t

) ) . ) ) FIG. 9. (Color onling The Omori law for aftershock rates.
FIG. 7. (Color onling Qluster size dl_stnbutlor_l for different I|nk_ These rates are measured for aftershocks linked to earthquakes of
thresholds. At large,, a giant cluster exists that is well separated in jigarent magnitudesn using né. For each magnitude, the rate is
. 2 1 o '
size from some remaining small ones. Betweags 10" and n, consistent with the original Omori law, E¢6), up to a cutoff time

=102, an apparently continuous transition occurs where the finite[hat depends om. As guides to the eye, dashed lines represent a
cluster distribution extends out toward the giant cluster, and th%ecay~1/t

distribution of cluster sizes exhibits power-law behavior. The

straight line has a slope -1.7. Symbols dren.=10%;, n, . . . .
=10:¢ , n=1:+, n.=10% O, n,=102). average number of incoming links; i.€ky,=(ky. If n¢

= then(k;,)=1 (excluding the first earthquakewhile for
ne=1072, (ki,)=0.7(1).

distribution also appears to be scale-fré&N)~ N7, In Fig. 4, we study the effect of changing the temporal
Furthermore, a scaling regime exists for a wide range of linkspan of the catalog on the distribution of link weights. The
thresholds, indicating a relative insensitivity to a sharp sepapower law behavior for strong links is stable, certainly up to
ration between what are considered to be correlated and um®. However, the cutoff irP(n") for weak links decreases to
correlated events. For clarity, we use the vahje102to  smallern” values, when earthquakes can link to events at
locate the transition point where the giant componenturther distance in the past. For an ideal “infinite” catalog,
emerges. This value is consistent with our ansatz, (B.  we conjecture that the cutoff value cannot be less tifan
which requires that correlated events hawvealues signifi-
cantly less than 1. Networks constructed withtherefore
only link strongly correlated events. Obviously for networks
the average number of outgoing links per node is equal to the e define the link length as the distance between the
epicenter of an aftershock and its linked predecessor. The
distribution of link lengths depends on the magnitudeof
the predecessor, being on average greater for largddi-
viding the link length distribution into classes depending on
the magnitude of the predecessB,(l), a maximum in the
distribution occurs, which shifts to largémon increasingm,
AN L as shown in Fig. 8. This behavior is consistent with using

ii_\_\x\ ., 012 3 4 larger space-time windows to collect aftershocks from larger
O Joml 11077 events.

e ] However, the distribution of link lengths exhibits no cut-
B off at large distances, but rather decays slowly as a power
A ) law with I, up to the linear extent of the seismic region cov-
N ] ered by the catalog. The different distributions are consistent

with a scaling ansatz:

C. Scaling law for aftershock distances
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FIG. 8. (Color onling Link length distribution for different Pm(l) = 1077F(1/207), ®)

magnitudes of the emitting earthquake,ndt The length at maxi- . . _ . .
mum grows with magnitude roughly &s.,~ 10°4™ but the distri- wherel is measured in meters;~ 0.4, andF(x) is a scaling

butions have a fat tail, extending up to hundreds of kilometers evelf1unCtion_')\Thfa tail of the scaling function is a power law; i.e.,
for intermediate magnitude events. These distributions are consiﬁ(X)NX_ with 7\72 for_ x>1. A _data collapse using this
tent with a hierarchical organization of events, where big earthansatz is shown in the inset of Fig. 8. Such a slow decay at

quakes preferentially link at long distance with intermediate ones|arge distances calls into question the use of sharply defined
which in turn link to more localized aftershocks, and so on. Inset:space windows for collecting aftershocks, as already pointed
distributions rescaled according to E&) with =0.4. out by Ogatg22].
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D. The Omori law for earthquakes of all magnitudes Maximum likelihood method$29,30, in the context of
Figure 9 shows the rate of aftershocks for the LandersS€iSmicity, usually start with an ansatz on the law governing
ftershocks, typically the modified Omori law. It is further

Hector Mine, and Northridge events. Aftershocks occurring?

at timet after one of these events are binned into geometrif"ss“med that seismicity is a nonstationary Poisson branching

cally increasing time intervals. The number of aftershocks ifPT0c€ss. Models including these assumptions have been
each bin is then divided by the temporal width of the bin toC@/l€d epidemic type aftershock sequence modela\S, see

obtain a rate of earthquakes per second. The same proceddfé'- [30D. Using a likelihood analysis with space, time, and
is applied to each remaining event, not aftershocks of thes@@gnitude, Ogata compared several forms of aftershocks dis-
three. An average is made for the rate of aftershocks linkedNce distributiong22], and showed that an aftershock rate

to events having a magnitude within an intendeh of m.  ©f the form
Figure 9 also shows the averaged results for3 (1710 m
event3, m=4 (161 events m=5 (28 eventy andm=5.9 (4 (1) ~ 10° (7)
events. ’ [ai(m) +1]#(c,+ )P
The collection of aftershocks linked to earthquakes of all
magnitudes is one of the main results of our method. Eveivas the most appropriate among his choigs «, p, andu
intermediate magnitude events can have aftershocks that pette constant, while,(m) is scaling with the magnituden of
sist up to years. Earthquakes of all magnitudes have aftethe main shock Hence, he also concluded that fixed space

shocks which decay according to the Omori Igw23], windows were not the best choice. Indeed, our metric vari-
able n in Eqg. (3) somewhat resembles his form of The

K .
)~ —— t<t , same form was also adopted in ETAS modg4-33. In
(D) crt cutoff ©® this framework, one hag=1+b/a=2 [33] and the expo-

h dK tant in t but d don th nent of the distribution of cluster sizes is ¥#=<2. Both
wherec andis are constant in ime, but depend on th€ Mag 5),e5 are in agreement with our measurements of these ex-

nltudem_[23,24_] of the earthquake. We find that the Omori ponents from the empirical data, using our metric ansatz to-
law per_S|sts uptoa t'ml%““’ff that also depends anas well gether with the network construction. Thus ETAS models
as the link thresholdy,. Estimates of the cutoff times far; with an appropriately chosen give some results consistent
areteor= 3 months fom=3, andte =1 yr form=4. For  wp v findings
larger magmtudes, it is difficult to distinguighs from the However, our method is simpler to implement than like-
terr_:_p;]or?)l durg'ilon fOf thﬁ dart1a sket. It of lihood methods. Furthermore, it does not require an ansatz
| € ml?r? av}'} Ft’F a etrs otc fstﬁmerge_s EI‘S a retsu t of 0URy, the validity of the modified Omori law, or on the type of
analysis, although itis not part of the original ansatz, @. statistical process that describes seismicity. Instead, the origi-

used to define aftershocks. It has been extensively investi_ ~ . ori law is found as a result of our analysis. In addi-

.gated.over decades,_gogether with its m_c:d|f|¢d veris) tion, the physical argument leading to the variabjealso
|r}volvmg.a scal|ng_~.t . The dgta shown in Fig. 9 are con- fixes the parameters in its definition, without the need to
sistent with the original Omori resulp=1, for aftershocks g\ 51 ate them by maximizing a likelihood. The only ansatz
of earthquakes of all magnitudes, once second and _furth%e make is the form of the metric.
generations O.f aftershoc_ks are excluded. Qur re_sult IS _also One could object that the valueslmnd/ord; can depend
consistent _W|th theoretical studies on stick-slip motion 1 the region of the Earth being considered, or may fluctuate
[25,26, which suggesp~1. depending on the specific fault zone being studied. However,
the statistical results we find, as shown in the figures, are
remarkably robust to variations in either of these parameters,
Convex space-time windows have been used since ther of the thresholdn.. Varying d; over a wide range, from 1
1970’s[7-10Q, often with the size of the window determined to 3 (usingd;>2 requires the introduction of event depths,
by the main shock magnitude. The performance of this prosee below does not alter considerably the distribution of
cedure is satisfactory for large earthquakes, although fixedutgoing links, which retains its power law behavior with
window sizes may omit relevant aftershocks. Neverthelesspdex y=2. The distribution of link weightsn”, is even
as a shortcoming, it can lead to distortions if many largemore insensitive to variations df and d;. Also the Omori
aftershocks occur. In this case, nothing can be said on thlaw with p~1, shown in Fig. 9, does not depend sensibly on
“ownership” of further aftershocks. the parameters, and holds for aftershocks linked to earth-
Different approaches to the problem of aftershocks collecquakes of all magnitudes.
tion were proposed by several authors, sometimes with the The crust of the Earth has a finite wid#+20 km in Cali-
aim to cure the former shortcomings. For a review see Reffornia) in which events take place according to a “three-
[27]. Our method has some similarities with these ap-dimensional” fractal distribution, involving their depth. It is
proaches. For instance, Frohlich and Davis collected eartthelieved that there is a qualitative difference between small
guakes in clusterf28] by means of a different linking pro- earthquakes and large ones, the former producing ruptures
cedure. However, their analysis was done using a metric o$maller that the crust widtf2]. Hence, our arguments may
the form ~+12+constt?, which does not take into account need to be corrected at distances of the order of tens of
the magnitude of events, and has a space-time form at varkilometers. We have computed spatial distances through the
ance with measured earthquake correlations. three-dimensional Euclidean metric distance, using an appro-

V. DISCUSSION
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priately revisedd; in Eq. (3). No significant departures from Kierkegaard’s adage that life must be lived forward, but can

the results leading to our present conclusions were found. only be understood backward.
Due to the form of the metrio measuring correlations,

larger earthquakes collect aftershocks from larger space-time
windows. From Eq(3), these windows have a spatial radius
The introduction of more than one correlated predecessararying with time ag(T)=[n(T-T;)"110°M]Y% They span
for an event will be the subject of a future investigation. Thisan hyperbolic space-time regiaisee Fig. 1, which is at
is accomplished by attaching links between all earthquakeariance with the usual “rectangular” or convex windows, of
pairs wheren; <n.. In this case, a general network, which is constant radius up to a finite time. In our method, at early
not treelike, emerges. The clustering of earthquakes coultimes after an earthquake, its aftershock collection window is
then be quantified in terms of the clustering coefficient of thewider in space than it is at later times.
nodes in the network19,34. In our view, an earthquake According to our metric, an earthquake can be correlated
network with nodes having multiple incoming links repre- to an event very far away, if it occurs shortly after it. This is
sents a second order modeling of seismicity, the first beingonsistent with observations of “remote triggeriig3]. It is
the simple tree structure we have presented here. In any cas#so consistent with the hypothesis that seismicity is a self-
it is unlikely that including links to more than one strongly organized critical phenomendi36-3§. In that case, some
correlated predecessor will change the scale-free character loications may be “on the edge of giving an earthquale”
the resulting network, although, of course, the network willtoppling, according to the sandpile paradigrand even a
no longer have a tree structure. small perturbation from an event far away could trigger
them. However, we do not necessarily ascribe the correla-
tions measured here to represent a usual cause and effect
relationship. In the sandpile paradigm a completely insignifi-
We have introduced a metric to determine correlationsant event, like adding one grain of sand to an enormous
between earthquakes that takes into account known statisticpile, can trigger an arbitrarily large avalanche involving the
properties of seismicity. By means of an appealingly simplewvhole system. Indeed, seismicity as one hierarchically corre-
yet quantifiable procedure, networks of earthquakes and afated self-organized critical process, generates the scale-free
tershocks emerge, where the number of aftershocks linked teetwork of earthquakes and aftershocks.
any event is scale-free with an index=2. The metric is Our results also suggest that modern network theory may
constructed by looking backward in time from any particularbe a useful and illuminating way to approach the complexi-
event and calculating an expected number of events thaies of seismicity, including perhaps problems related to pre-
would occur, compared to events that actually occurred. Itliction. Our metric and network construction may also have
this ratio is significantly less than 1, then the preceding evenapplications to other phenomena with intermittent bursts
is correlated with the particular one. This is reminiscent ofsuch as, for instance, solar flares or even turbulence.

Multiconnected networks

VI. CONCLUSIONS
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