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Comment on “Diffusion of epicenters of earthquake aftershocks, Omori’s law,
and generalized continuous-time random walk models”
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Christopher J. Bedn
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Modeling of earthquake sequences using an epidemic-type aftershock sequence model by Helmstetter and
SornettgPhys. Rev. E66, 061104(2002] has led these authors to conclude that previous analyses of apparent
earthquake diffusions were flawed. We show here that diffusion analyses based on spatiotemporal correlation
measures for earthquake populations are an appropriate method for capturing the space-time coupling present
in earthquake triggering processes.

DOI: 10.1103/PhysReVvE.69.063101 PACS nuni$)er05.40.Fb, 91.30.Px

Helmstetter and Sornetfd] (HS) use a space-time point E{8(t - NIR(t) =E{pdt— 7} - E{p}E{s(t- D}, (1)
procesgepidemic-type aftershock sequen&TAS)] model
to show that the diffusion of aftershocks can be explained in

terms of a cascade of earthquakes generating their own afghere E{} is the expectation and the Dirac generalized
tershocks, which in turn produce their aftershocks and so o nction. Sincep becomes independent ofat larger, R(t)
Their model is a particularly interesting tool, well adapted 0o 1 g at large For a finite number of earthquake pairs,
investigate such a cascading phenomenon, which is expected | i 2 real catalogR(t) — O rather takes the form of ran-

to either generate diffusion by itsglés shown in Hyor to . . :
; : A : .. dom fluctuations oR around 0. Prior to this random walk
modulate potential direct diffusion physically originating gsee also Ref[5] for a measure of when this transiti?)ﬂn]oc-

from a given source. The latter case would correspond, in th . ) .
framework of a space-time ETAS model, to coupled spaceSUrS: R is seen to grow witht following a power law, re-
time “bare” kernels. vealing the existence of a subdiffusive process.

However, some of the assumptions made in HS are ques- While HS fogus oraftershc_)ckdiffusion (hence originat-
tionable, when it comes to applying their method to realing from a well-identified mainshogkMC analyze how an
seismicity data. In the real world, no one can arbitrarily “re-€arthquake population is statistically correlated, hence with
set the clock’(p. 7 of Ref.[1]), as needed in their treatment; N0 assumption on the mainshock/aftershock nature of these
while in HS, all events occurring a>0 are due to the earthquakes. The latter analyze probe, in the mean-field
mainshock that took place &t0 (in the sense that, without sense, on how two fault segments can have synchronous
this event, none of these subsequent events would have egarthquake productions, and how this correlation changes
isted, this cannot generally be said for real earthquakes. Itwith the distance and the time scale.
particular, when observing at long-time scales, the decision Since the two methods have their own assumptions and
of whether a given earthquake has been trigggmdde-  examine different types of relatiqmainshock aftershock for
pends o a previous one cannot be made unambiguously. HS, any two earthquakes for MQt is difficult to link their

A possible solution to this problem was proposed by Mar-respective observations. In particular, a temporal decorrela-
san and co-workerf2—4] (MC), which consists in recalling  tjon of the seismicity field with a rate depending on the epi-

that statistical dependence only makes sense when considegnra| distance, as seen by MC, does not necessarily imply a
ing distributions. Denoting by and 7 the two random vari-  giract diffusion of aftershocks.

ables giving the epicentral/hypocentral distances and time More technically, the rateN(r,t) of HS (“number of
separation between any two earthquakes, it can be shown : ¥

that, at larger, the distancep tends to a stationary, “back- ?vents O_f any_possmle magn't“dera‘?‘”_dt' the origin r
ground” distribution. Such a distribution corresponds to pairs—0 andt=0 being the mainshock that initiated the sequénce
of earthquakes that are uncorrelated, and only reveals tHeears some analogy with tHe(r,t)-N(r) of MC [Eq. (1)
permanent, quasistationafgt the time scales of yegreet-  and(2) of Ref. [3]], except that the latter is computed over
work of active faults. MC studied how the distribution pf ~ all earthquakes taken as “mainshocks.” In MC, the subtrac-
relaxes to this background distribution, asincreases. A tion of N(r) from N(r,t) is done to ensure that the pairs are
mean distanc&®(t) was defined such that temporally correlated in the statistical sense, i.e., in terms of
distributions rather than individual pairs. This quantity is
then normalized to yield the probability(r ,t) that, knowing
*Electronic address: David.Marsan@univ-savoie.fr; URL: http:/an earthquake that occurstadfter an initial earthquake and
www.univ-savoie.fr/labos/lgit/PageHtml/marsan.html is temporally correlated with {iin the sense of distributions
"Electronic address: chris.bean@ucd.ie it occurs at an epicentral distance
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FIG. 1. Average number of earthquakes per unit time vs distance FIG. 2. Mean distanc®(t) function of time lagt for the two
r following any previous earthquake with a varying delay for the synthetic catalogs of HS, as obtained with the analysis of [R¢ef].
two synthetic catalogs of H8op and centgrand for the Southern  The Green’s functiorc becomes very noisy in the case of the first
California data analyzed in Reff3] (bottom). The delayd separat-  catalog(for t=1), leading to negative values &(t) (shown with
ing the two earthquakes ateop) ([J) 12.5-25,(+) 25-50,(c) 50— the “n” letters); see the Appendix of Ref4] for a discussion on this
100 unit times, (centej (OJ) 7.9xX10°P-7.7x10°, (+) 7.7  issue. For shorter time scales, no diffusi¢h=0) is observed:; for
X 10P—7.4x 107, (o) 7.4X 10'—7.2%x 10® unit times, (bottom) (1) longer time scales, the analysis is not robust given the noi& in
51-125,(+) 125-305,°) 305-743 days. These intervals are chosenThe second synthetic catalog is characterized by a diffusion expo-
so that the last interval stops at a tenth of the total duration of théyentH=0.072(after discarding the first point
catalog. The spatial distribution of the temporally uncorrelated pairs
is shown by the thick line. The distributioi§&(r —p) 8(t—7)} are
seen to relax to this temporally uncorrelaigdackground’ distri- HS used the method described above to conduct some
bution E{a(r —p)}E{&(t-7)}, in the case of the second synthetic tests and concluded that this method is flawsek also Ref.
catalog and for the Southern California data, but not for the first[8] for a more recent, longer, although still partly misleading,
synthetic catalog. discussion of the methgdHowever, the results of their tests
can be shown to be misleadin§ig. 1). These tests were
E{s(t— n}G(r,t) =E{s(r — p) St — 7} conducted with a flawed software on two synthetic catalogs.
Reanalyzing these catalogs with the method of MC, we find,
~ E{ar - p)iE{d(t - )} @ for the first catalog, that there is no effective relaxation of the
distribution of p to the “background” distributionE{&(r
-p)}E{8(t—7)}, and this type of analysis is therefore not ap-
propriate. Neglecting this issue, HS went on to reportan

Taking the integralfdr r G(r,t) of this expression leads to
Eq. (1). G(r,t) is also equivalent to a propagator, or Green’s
function. The functionN(r,t) =E{(r-p)&(t-7)} of MC IS - 5 exponen(i.e., a normal diffusionas resulting from this
the two-point moment function of Kagan and Knop@  analysis, even though their catalog was generated from a
and Reasenberf7], while N(r,t)=N(r)=E{8(r—p)s(t—7)} model with no space-time coupling. It can, however, be
-E{8(r-p)}E{8(t-7)} is the associated covariance. shown(see Fig. 2 that the analysis of MC does indeed lead
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to anH=0 value for this catalog, although, as stated above, Finally, and quite contrary to the belief expressed in HS,

the lack of proper relaxation to the background structure renebservation of seismicity diffusion for the space-time ETAS

ders this type of analysis not very robust. model of HS (1) does imply anomalous stress diffusion, _
The second synthetic catalog does experience the san§éce the stress generated by the subsequent earthquakes dif-

type of relaxation as observed for the real data analyzed ifﬁsggti\lg\;lg{i]ntg?/\?ﬁa?gttr;]%ugﬁsii'cg?: (axjjoeri irgozh?sa\éﬁoﬁ;;o?he
MC (e.g., the Southem California data as shown in Fig. 1“physical ingredients” of the ETAS model still need to be

se'e.alsc') Fig. 5 of Ret:.;] .for a similar graph in the case'of a explained in terms of actual physical phenomena. Such in-
mining-induced seismicity catalog, and Fig. 5 of R} in  yeqdients are merelpd hockernels introduced in order to
the case of shallow world-wide seismidityThe diffusion reproduce basic features of earthquake populati@s.,
exponent for this second synthetic Catalog is found tdbe Gutenberg-Richter and Omori’s |aW$/|0re particu|ar|y, HS
=0.072 (Fig. 2, a value that, again, as eventually com-introduce an arbitrary law with algebraic decay for drawing
mented in HS, cannot be compared to the expected theorete distance between the trigger and the aftershock, which
ical valueH=0.2 of the ETAS model since these exponentswould need to be substantiated by observations and/or actual
do not measure the same phenomenon. crustal processes.
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